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Abstract 
In this thesis we report on a range of studies of both near and mid-infrared 
seniic"onductor materials and devices. We have used photornodulated reflec- 
tance (PR) to investigate the gain-cavity de-tuning in the wafer of a high- 
finesse vertical-cavity surface-emitting laser (VCSEL), designed to operate at 
760 nm as a high temperature oxygen gas sensor. From this study we were 
able to determine that the VCSEL cavity mode (CM) is tuned to the quan- 
tuni well (QW) ground state transition energy at a temperature of - 115 °C, 
when )'CM 760 nni. 
We have also developed a new VCSEL PR model, able to describe the 
PR of high finesse samples such as the one studied here. This was devel- 
oped through analysis of calculated VCSEL reflectance (R) and Seraphin 
coefficient data, a study which revealed that the Seraphin coefficients were 
Kramers-Kronig pairs in the vicinity of the VCSEL CM. This study also 
revealed that the broadening of a VCSEL CM may be proportional to the 
absorption in the cavity due to the QWs in the sample. This provided evi- 
dence for the CM broadening effect which we observed in VCSEL reflectance 
measurements conducted here. 
We have also conducted temperature and pressure dependent studies of 
the threshold current of two 760 nm edge-emitting lasers with similar active 
regions to the VCSEL studied. These studies have revealed that the devices 
suffer from thermally activated carrier leakage of electrons into the X-minima 
of the barrier/cladding layers, which reduces their efficiency and stability at 
elevated temperatures. 
Finally we have developed a mid-infrared PR system for investigating nar- 
row gap semiconductors, enabling studies of the fundamental band gap and 
the spin-orbit splitting energy (so) in a series of InAsSb and GaInAsPSb 
samples. From these we measure the bowing of Do in InAsSb to be - 
-165 meV at low temperature (- 10 K), in line with theoretical predic- 
tions of other authors, but quite different to the only previously reported 
experimental value of +1170 meV. 
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Glossary 
The following is a list of abbreviations used throughout this work: 
BZ Brillouin zone 
CB Conduction band 
CIISII Conduction, heavy-hole, spin split-off hole, heavy-hole 
(Auger recombination process) 
CM Cavity-mode 
DBR Distributed Bragg reflector 
DOS Density of states 
e1hh1 Electron to heavy-hole ground-state quantum well transition 
ellhl Electron to light-hole ground-state quantum well transition 
EEL Edge-emitting laser 
ER Electroreflectance 
FWHM Full-width at half-maximum 
FKO Franz Keldysh oscillation 
HWHM Half-width at half-maximum 
JDOS Joint density of states 
LPE Liquid Phase Epitaxy 
MBE Molecular beam epitaxy 
MIR Mid-Infrared 
ND Neutral density (filter) 
OPD Optical path difference 
PL Photoluminescence 
PR Photomodulated reflectance 
QTH Quartz Tungsten Halogen (light source) 
QW Quantum well 
R Reflectance 
VB Valence band 
VCA Virtual Crystal Approximation 
VCSEL Vertical-cavity surface-emitting laser 
vi 
"Whiteness and all grey Colours between white and 
black, may be compounded of Colours, and the 
whiteness of the Sun's Light is compounded of all the 
primary Colours mix'd in a due Proportion. " 
Sir Isaac Newton (1642-1727), from Opticks (1704) 
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I. Introduction 
1 Introduction 
1.1 Motivation 
'I'hr' ººººiclue optoelectronic properties of semiconductor materials have en- 
sured that they have received it high level of both scientific and commercial 
interest over the years since lasing was first reported in GaAs in 1962. [1] 
Figure 1.1 shows the annual global sales of the semiconductor industry since 
1975. As can be seen frone this there has been a continued growth throughout 
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Figure 1.1: Global sales (based on shipments) of the semiconductor industry 
since 1975. Figures for 2007-2010 are based on forecasts. [2] 
the period, equating to a compounded annual growth rate (CAGR) of 15%. 
Much of this growth is driven by the computer industry and presently around 
85% of sales in the total semiconductor industry is related to integrated cir- 
cuit production. [2] The second largest sector within the industry relates to 
the sale of optoelectronic devices and sensors, which together account for 
- 10% of the industry. [2] Telecommunications has been a key driver for the 
growth of the optoelectronics industry, where semiconductor lasers emitting 
at 1.3 pm and 1.55 pin are routinely used in worldwide communication net- 
works based on silica optical fibers. At these wavelengths silica fibers exhibit 
1 
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zero dispersion (@ 1.3 pm) and an attenuation minimum (@ 1.55 µm) [3] and 
semiconductor lasers operating at either of these wavelengths are able to ex- 
ploit these properties and thus make global fiber telecommunication systems 
a viable commercial reality. 
The operating wavelengths of commercial optoelectronic devices are not 
limited to the near infrared telecommunication wavelengths of 1.3 µm and 
1.55 um. Indeed, there are other communication systems which operate at 
different wavelengths. These are based on plastic optical fibre networks and 
they employ semiconductors emitting at around 650 nm, where the plastic 
fibres exhibit an attenuation minimum. [4] 
Another application using semiconductor lasers is data storage solutions, 
where the density of information that can be stored is limited by the spot size 
of the focussed laser beam. Thus the possibility of providing greater amounts 
of data storage has focussed a great deal of attention of developing short 
wavelength semiconductor lasers. This is demonstrated by the developments 
in optical storage media: The first such medium, the compact disc (CD), is 
read by a laser operating at 780 nm and can store ' 700 MB, while `second 
generation' DVDs, which use 650 nm red lasers, can store approximately 
5 GB. More recent progress on lasers outputting blue light at 405 nm has 
lead to the development of so-called blue-ray DVDs, which can store up to 
25 GB - over 35 times more information than a conventional CD. 
Data storage applications have clearly generated a great deal of effort in 
developing efficient, scalable material systems which are able to operate at 
short wavelengths. However, there are other commercial applications which 
call for the use of so called narrow gap semiconductors, which emit light at 
longer wavelengths, into the mid-infrared (2-10 µm). An example of one such 
application involves the military who use optoelectronic devices in ordnance 
guidance and countermeasure systems. [5] Due to the optical window in the 
Earth's atmosphere between 3-5 pm there is also interest in developing so 
called free space optical communication systems. Such line of sight systems 
are economically attractive since they rely only on a detector and transmit- 
ter and no other infrastructure such as underground fiber networks. Another 
important application that uses mid-infrared semiconductors is gas sensing. 
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Many gaseous compounds exhibit strong absorption lines in this wavelength 
region (CO2 for example, at 4.25 µm [6]) and these can be probed by semi- 
conductor lasers operating at the appropriate wavelengths. 
Unfortunately, due to their narrow band gaps, mid-infrared semiconduc- 
tors suffer from non-radiative recombination process which can limit their 
effectiveness as commercial optoelectronic devices. Despite this, the range 
of potential applications in the mid-infrared means there is a great deal of 
research into developing efficient material systems. In this work we shall fo- 
cus primarily on characterising near-infrared (N 760 nm), and mid-infrared 
(N 3-5 µm) narrow gap semiconductors. It is our aim to develop on the 
understanding of these semiconductor materials so that the knowledge may 
be used to aid the development of new, more efficient optoelectronic devices. 
Our studies of near-infrared - 760 nm semiconductors are heavily fo- 
cussed on the devices fabricated from the materials: In chapter 4 we study 
the wafer of aN 760 nm vertical-cavity surface-emitting laser, and in chap- 
ter 3 we study N 760 nm edge-emitting lasers. In the next section we describe 
some of the basic properties of these semiconductor lasers. 
1.2 Semiconductor lasers 
Since much of this thesis concentrates on the studies of semiconductor lasers 
and the materials from which they are made we give a brief introductory 
background to these devices here. The aim of this is to give a reader unfa- 
miliar with semiconductor lasers a basic introduction so that the results in 
the latter chapters may be put into some meaningful context. 
Figure 1.2 illustrates the basic design of an edge-emitting laser (EEL). 
Based on a p-n junction, carriers are injected into the active region of the 
device through electrical contacts on the top and bottom of the laser. In 
modern EELs the active region, responsible for providing the material gain, 
contains quantum wells (QWs) which act to confine the carriers, helping 
to increase the efficiency of the device. The QWs also reduce the number of 
dimensions in which the carriers can move freely and this reduces the density 
of states in the active region. This in turn reduces the threshold current 
3 
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Figure 1.2: Basic design of an edge-emitting semiconductor laser. 
of the laser, further increasing the efficiency. [7] Since QWs are very thin 
(- 10 nm is typical) they are unable to confine an optical field. Therefore, 
EELs are often designed with a separate optical confinement region, in which 
the QWs are located and the lasing mode is guided. This optical confinement 
is achieved by ensuring the outer layers have lower refractive indices than 
the confinement region. The Fabry-Perot cavity of the laser is defined by 
the cleaved facets at either end of the laser chip. These facets are mirror-like 
since the cleaves are made along crystal planes and they are typically - 30% 
reflective. Since the optical mode travels perpendicularly to the direction in 
which the device was grown (see Fig. 1.2) the mode travels in the plane of 
the QWs between the two facets. This distance is relatively large (a typical 
cavity length is « 500 µrn) giving a large interaction between the material 
gain and optical field. Therefore, the modest reflectivities of the cleaved 
facets are high enough to achieve lasing in many lasers. In some cases the 
facets are coated in order to improve the reflectance characteristics in order 
to reduce to cavity losses. [8] 
Once the separation between the quasi Fermi levels of the valence and 
conduction band (the levels that define a 50% probability of a state being 
populated in either band) is greater than the energy separation of the electron 
and hole confined ground states in the QWs it is possible for a device to start 
lasing. [9] When their separations are equal the material is transparent at 
4 
1. Introduction 
that energy. The stimulated emission exits from the laser facet with a highly 
divergent, asymmetric profile resulting from diffraction out of the narrow 
width of the waveguide from which the light emerges. This laser design has 
proved to be very successful and many such devices have been produced, 
operating across a wide range of wavelengths. 
Despite the many successes of EELs they do have some weaknesses, which 
for certain applications can prove disadvantageous. One such weakness is 
the tendency for EELs to mode-hop -a process whereby a device suddenly 
changes its lasing wavelength. [10] This is caused by changes in the gain 
spectrum of a laser with say temperature and it is possible in EELs due to 
the relatively long length of the optical cavity (r 500 µm), which results 
in a small wavelength separation between the allowed cavity modes. Mode- 
hopping can result in noise in the laser output power, reduce the thermal 
stability of a device, and furthermore the changes in operating wavelength 
can also be unacceptable in certain applications. Distributed feedback grat- 
ings can be etched into the waveguides of such lasers to promote the prop- 
agation of only certain modes. This is commonplace in EELs, where it is 
used routinely to produce single-mode devices. However, it does have the 
disadvantage of requiring the additional etching process. Another solution 
to the problem is to greatly reduce the length of the optical cavity so that the 
separation between the optical modes becomes very large. This is realised 
in a design known as a vertical-cavity surface-emitting laser (VCSEL). [11] 
Such a structure is illustrated in figure 1.3. In a VCSEL the Fabry-Perot 
cavity typically has an optical thickness equal to, or a few multiples of, the 
desired operating wavelength of the device. The optical thickness is equal 
to the refractive index multiplied by the physical thickness of the cavity. A 
cavity of optical thickness equal to the lasing wavelength, A, is depicted in 
the central section in Fig. 1.3, surrounded by two layers of material with 
lower refractive index than the cavity layer. The material gain of the laser is 
provided by QWs, located at the centre of the cavity, where the optical field 
(represented by the sinusoidal curve in Fig. 1.3) is strongest. This ensures 
that the optical mode overlaps fully with the material gain of the QWs. 
As can be seen from Fig. 1.3 the optical mode travels vertically through 
5 
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Figure 1.3: Basic design of a vertical-cavity surface-emitting semiconductor 
laser. 
the device, in the direction of the growth of the structure. This means that 
for each round trip an individual photon will have very little interaction 
with the gain medium in the active region since the QWs are only a few 
nanometres thick. This is unlike in EELs, where the optical mode travels in 
the plane of the QWs, resulting in a high interaction between photons and 
the material gain medium. Since the overlap between the optical field and 
the gain medium in a VCSEL is greatly reduced due to the design geometry it 
is necessary to have highly reflective cavity boundaries of - 100% in order to 
have multiple passes through the QWs. This is achieved in VCSELs by using 
distributed Bragg reflectors (DBRs) grown either side of the central cavity. 
These DBR mirrors consist of layers of materials having alternating high 
and low refractive indices and optical thickness of 1/4 of the desired lasing 
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wavelength. The higher the contrast between the two refractive indexes, the 
fewer layers are required to achieve the high reflectivities desired. In many 
VCSELs the DBR layers, like the cavity, are made from semiconductors. 
This allows them to also fulfil the role of being the p and n-doped sides of 
a p-n junction required to inject carriers into the active region within the 
cavity. Because the refractive index contrasts which can be achieved using 
III-V semiconductors are not large (- 20% is typical using AlGaAs), each 
DBR mirror will often require between 30-40 layers. Therefore, the resulting 
structures are often complicated, having .' 100 layers. 
Due to the geometry of a VCSEL the emission profile is much improved 
compared to that of an EEL. [11] This is principally due to the fact that light 
is not emitted from such a small aperture as in an EEL, so the diffraction of 
the beam is greatly reduced - overcoming one of the main problems associated 
with EELs. The aperture of a VCSEL can be made circular by creating a ring 
shaped electrical contact, this creates a spherical beam profile which can be 
easily coupled into a fibre. This geometry also makes it possible for arrays of 
VCSELs to be constructed on a single wafer, which is attractive for a number 
of applications such as multiplexing in communication networks. [12] 
VCSELs exhibit complex reflectance spectra as a result of their structure 
and an example of such a spectrum is shown in figure 1.4. The DBR mirrors 
create a high reflectance stop band, extending for several tens of nanometers. 
In this stop band the reflectance can reach values of > 99.9%. [13] The 
Fabry-Perot cavity in the centre of the two DBR mirrors creates a sharp 
`dip-like' feature at the cavity mode wavelength, ACM. If the VCSEL is 
designed correctly this feature will lie in the centre of the high reflectance 
stop band. The value of ACM defines the wavelength at which the VCSEL 
will lase since it is at a wavelength of an optical mode supported by the 
cavity. Other wavelengths which do not meet the criteria of being a Fabry- 
Perot cavity mode cannot propagate and optical gain cannot be realised. It is 
this property that means that VCSELs do not suffer from mode-hoping in the 
same way that EELs do, since with such a small cavity the free spectral range 
of a VCSEL is too large to allow this phenomenon. Therefore, for applications 
in which such mode-hopping would be detrimental, VCSELs provide a good 
7 
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Figure 1.4: Example of a VCSEL reflectance spectrum, showing the cavity 
mode feature occurring at the wavelength of the cavity mode (Achy) in the 
centre of the high reflectance stop band. 
alternative to conventional EELs. Also, since the lasing wavelength is defined 
by ACM, which tends to be less temperature sensitive than the peak in the 
material gain curve, VCSELs tend to exhibit higher thermal stabilities of 
the lasing wavelength than EELs. Since an operational device must have the 
peak in its material gain curve aligned to the cavity mode wavelength in order 
to lase efficiently, the amount of gain-cavity de-tuning (if any is present) is 
a crucial aspect in VCSELs. In chapter 3 of this work we shall be studying 
this property in detail for a particular VCSEL sample. 
ti 
In the next chapter we shall discuss the theoretical background of the 
work in this thesis. Following this, in chapter 3 we discuss our photomodu- 
lated reflectance results of a high-finesse 760 nm VCSEL, designed to be a 
high-temperature oxygen gas sensor in order to parameterise the gain-cavity 
de-tuning in the sample. In chapter 4 we then study the carrier recombina- 
tion mechanisms in edge-emitting lasers with similar active regions to this 
VCSEL in order to investigate the suitability of the material system for use 
in high-temperature 760 nm optoelectronic devices. In chapter 5 we look 
8 
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in detail at simulated VCSEL reflectance and photomodulated reflectance 
results in order to develop an understanding in this area. From this we 
develop a new photomodulated reflectance lineshape model for high-finesse 
VCSELs and we use it to successfully describe the measurements made in 
chapter 3. In chapter 6 (the final results chapter in this thesis) we discuss 
our newly developed mid-infrared photomodulated reflectance setup and we 
present results for the fundamental band gap and spin-orbit splitting ener- 
gies in InAsSb and GaInAsPSb. The diversity of the samples studied in this 
thesis sees us measuring photomodulated reflectance features at wavelengths 
ranging from 730 nm to 4.25 pm. Despite this wide spectral range we have 
been able to exploit the powerful properties of modulation spectroscopy to 
learn much about the materials and devices investigated. 
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2 Theoretical Background 
In this section we give a short introduction to the background theory and 
techniques used in this work. Throughout the course of this thesis we make 
reference to the material in this chapter. 
2.1 Band structure of Semiconductors 
Ziere we discuss the band structure of both bulk and quantum confined semi- 
conductors since these define many of the parameters we study in this thesis. 
We restrict our discussion to elemental and III-V semiconductor compounds 
since our investigations are restricted to these materials. 
2.1.1 Bulk semiconductors 
Silicon is an example of an elemental semiconductor and we use it here to 
describe how the energy band gap is formed in such a material. A silicon 
atom has the electronic configuration [Ne]3s23p2. The outer n=3 (princi- 
pal quantum number) level is relatively weakly bound to the atom and so 
these electrons may be involved in chemical reactions and bonding with other 
atoms. The s subshell (l = 0, where l is the angular momentum quantum 
number) of the atom is full with two electrons. However, the p subshell 
(1 = 1) has four empty states. As we bring two silicon atoms together the 
outer orbital electron wavefunctions of each atom combine into so-called sp 3 
hybridised orbitals (having four outer electrons in this configuration is ener- 
getically more favourable than having two s and two p electron states). [1] The 
wavefunctions of the hybrid orbitals for the two atoms then combine either 
symmetrically (bonding) or anti-symmetrically (anti-bonding). A bonding 
orbital concentrates the electronic density between the atoms, whereas an 
anti-bonding orbital has zero electronic density here. In the case of bonding 
orbitals, as the separation between the two atoms is reduced the energy of 
the system is initially reduced as the two atomic cores are attracted by the 
electronic density between them. However, at small separations the repulsion 
of the two positively charged atomic cores becomes important and as a result 
11 
2. Theoretical Background 
there is an e(lnilil)riunl point in the atomic separation which yields the lowest, 
total energy for the system. Anti-bonding orbitals (10 not, exhibit, an energy 
niininluin versus separation since there is no clect. rOnic (tensity between the 
atoms. Due to the repulsive effects between the positively charged atomic 
Centres time energies in this systeII1 increase as time separation is reduced. 
Figure 2.1 shows a schematic illmstration of time process described above, 
but, for a large number (N) of silicon atOnms. [2] As time interatomic spacing 
Iý". v, m 
ý'IM'I ýM1 
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Figure 2.1: Illustration showing the formation of energy hands occurring as 
N individual silicon atoms are brought together. [21 
between the atoms decreases (x-axis) the discrete p and s energy levels begin 
to interact and overlap. As the separation decreases further the levels again 
split to form two distinct energy hands (dark grey shaded area). Bands are 
formed since the energy differences between the indlividIial levels are so small 
when a large number of atoms are brought together that they merge into an 
indistinguishable continuum of allowed energy states. [2] The lower energy 
band can accommodate 4N states and is completely full at, a temperature of 
0 K. This is the valence band and electrons in these states will contribute to 
the binding of the crystal (covalent bonding). These are the symmetrically 
combined wavefunctions and the miniiiium in the energy of this band can be 
seen in Fig. 2.1. The upper band, which can also contain 4N states is empty. 
This is known as the conduction band, so called because electrons excited into 
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this band are able to contribute to electrical conduction within the material. 
The wavefunctions in this band are combined anti-symmetrically. 
On the x-axis the lattice constant of silicon is marked, ao = 5.43 A. At this 
separation the conduction and valence bands are illustrated in the left hand 
side of figure 2.1. The edge of the valence and conduction bands are denoted 
E and EE respectively and there is a forbidden energy gap E. between the 
two bands. Within this gap no electron states may exist - electrons with 
energy E must receive energy equal to or greater than E. to traverse the 
gap and be excited into the conduction band. 
The energy bands in compound semiconductors such as GaAs are formed 
in the same way. However, due to the differing elements involved the wave- 
functions are not shared equally between each atom. Therefore, these ma- 
terials tend to be slightly ionic, whereas a pure silicon crystal will be fully 
covalent. In this work we study III-V semiconductors, so called because 
the elements in the materials either contain three or five outer valence elec- 
trons. Taking GaAs as an example, gallium has the electronic configuration 
[Ar]4s24p (three valence electrons) and arsenic has [Ar]4s24p3 (five valence 
electrons). Compound semiconductors, especially those containing more than 
two elements are of great interest since by mixing different proportions of 
elements together different band gap energies can be obtained. Therefore, 
materials can be designed for specific opto-electronic applications. We report 
results in this thesis on binary (containing two elements), ternary (three el- 
ements) and pentenary (five elements) semiconductors. 
After discussing the band gap in semiconductors the next important con- 
sideration is the band structure of these materials. This is essentially the 
dispersion relation of the bands, i. e. how the energy varies with momentum. 
The dispersion relation for a free electron is given by the relation between 
its kinetic energy and momentum, p, given by E= h2k2/2m, where m is the 
free electron mass, h is the reduced Planck's constant and k= p/hi is the 
electron wavevector. Therefore, for a free electron the energy increases with 
the square of its wavevector. As a first approximation this relationship can 
be used for the electrons in the conduction band of a semiconductor. 
Within a real material even conduction band electrons are not truly free 
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since they will be influenced by the periodic potential from the ionic cores 
of the atoms in the crystal and so the band structure is dependent, on the 
crystal structure. [4] An example of a real band structure is shown in Fig. 2.2 
for GaAs. [5] This is theoretically calculated data. However, it gives a good 
representation of the complexity of a semiconductor's band structure. The 
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Figure 2.2: Calculated band structure of bulk GaAs over the first full Brillouin 
zone. [5] The magnified region shows the dispersion of the bands near the zone 
centre at the I'-point. The greyed area indicates the region of the forbidden 
energy gap. 
area shaded in grey represents the energies of the forbidden energy gap. 
Here the energy of the bands is plotted as a function of the wavevector, 
referred to as the crystal momentum. The marks along the x-axis refer to 
points of significant interest in the Brillouin zone of the crystal structure. 
For a III-V semiconductor stich as GaAs the crystal lattice is a zinc-blende 
configuration and this has a Brillouin zone in reciprocal space such as the 
one shown in figure 2.3. [3] The IF point occurs at the centre of the Brillouin 
zone, where the crystal momentum is zero. In III-V semiconductors the 
valence band edge (highest point of the band) always occurs at this point. 
However, only in direct semiconductors such as GaAs does the conduction 
band minimum also occur here. This minimum in the band gap can be seen 
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Figure 2.3: First Brillouin zone in reciprocal space for a zinc blende lattice, 
indicating points of high symmetry (Roman symbols) and vectors of significance 
(Greek symbols). The I' point occurs at the centre of the zone where the crystal 
momentum is zero. [3] 
at the F point in Fig. 2.2 for GaAs and this band gap is referred to as the 
fundamental hand gap (Eo = F6 - F8) of the semiconductor. Most opto- 
electronic processes occur at this point and as such much interest is focussed 
on this part of the band structure. 
There are other points of interest in the Brillouin zone (BZ) which should 
also be mentioned. For example, the X-point, which has a crystal momentuni 
of (27r/ao) <100>, appears at the edge of the BZ, in the centre of the square 
faces. There are six equivalent X-points in the BZ, each being electronically 
identical due to the symmetry of the crystal. As can be see in the band 
structure of GaAs (Fig. 2.2) the dispersions of the conduction and valence 
hands are both zero at the X-point and there is a local minimum in the band 
gap here (X6 - X7). These are known as the X-minima since there are six 
equivalent minima, one for each of the X points in the first BZ. Another 
point of interest in the BZ shown in Fig. 2.3 is the L-point. There are eight 
equivalent L-points in the BZ, each occurring at the centres of the hexagonal 
shapes at the edge of the BZ, with momentum (2ir/ao) <111>. Again from 
the band structure in Fig. 2.2 we see that at the L-point the dispersion of the 
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conduction and valence bands goes to zero and there is another local band 
gap minimum at this point (eight within the first BZ). In chapter 4 when 
we look at carrier leakage in edge-emitting lasers we discuss how electrons 
may `escape' from the conduction band minimum at the F-point and become 
located at these X and L minima. Such leakage processes can play important 
roles in limiting the efficiencies of opto-electronic devices and so knowledge 
of the energy separation between the conduction band edge and the X and 
L minima in the conduction band can be of great significance. 
The region near the F-point is magnified in Fig. 2.2 so that the detail of 
the band structure here can be discussed. It can be seen that the conduction 
band (CB) is nearly parabolic as in the case of a free electron. The valence 
band is more complex however, and there are actually three separate bands, 
each having a different curvature (dispersion). If we consider quasi-particles 
in these bands (i. e. electrons under the influence of the crystal potential) 
we can talk of an effective mass of the particles in these bands. For the 
free electron we said that E= h2k2/2m and using this we can describe a 
generalised relationship between the dispersion of an energy band and the 
effective mass of a particle within the band: 
! a2E\ -1 
meff = h2 (ak2 I (2.1) 
The units of this mass are dimensionless - expressed as a fraction of the free 
electron mass. From Eq. 2.1 we see that a band of high curvature corresponds 
to a particle of low effective mass. 
In the next section we shall discuss how electrons in the valence band 
may be excited into the conduction band. For now we mention that when 
this process occurs, a hole is left in the valence band in place of the missing 
valence electron. It is more convenient to talk of a near empty valence band 
containing one hole than a near full band missing an electron. The properties 
of such a hole allow us to treat it as a quasi-particle in the same way as 
we treat the electrons within the conduction band. Therefore, when we 
look at the curvatures of the three valence bands in the magnified region of 
Fig. 2.2 we can talk of bands relating to holes of differing effective masses. 
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At the F point two of the valence bands are degenerate in a bulk, unstrained 
semiconductor. However, for finite wavevectors they split due to the different 
curvatures (effective masses) of the bands. The uppermost of these bands is 
known as the heavy-hole (IIII) band since its curvature is less than that of 
the light-hole (LII) band. 
For a particular band in a semiconductor the deviation from parabolic 
behaviour is due largely to the interactions with the other bands of simi- 
lar electronic configuration in the material and the influence of the crystal 
potential. The size of the effect from the other bands is stronger for bands 
lying closer to the band in question due to the perturbative nature of the 
interaction. [6] The heavy-hole band, with secondary total angular momen- 
tum quantum number m1 = ±2, is influenced by bands separated from it by 
a large energy and thus it is not greatly affected by this perturbative inter- 
action. The light-hole band on the other hand has m1 = ±2 and is heavily 
influenced by the much closer conduction band, which also has mj = f2 
Therefore, this band has a strong curvature and light effective mass, as does 
the conduction band. 
The third band in the magnified region of Fig. 2.2 has a curvature similar 
to that of the LH band since it also has mi = ±2. However, it is split off 
from the valence band edge by an energy Eo at the I'-point. AO is known 
as the spin-orbit splitting energy since the band is split as a result of the 
spin-orbit interaction on the electron energy levels in the material. [4] The 
magnitude of Lo is important, especially in narrow-gap semiconductors, since 
it can influence non-radiative carrier recombination processes such as Auger- 
recombination. [7] In chapter 6 we investigate this splitting energy in our 
mid-infrared photomodulated reflectance studies of InAsSb and GaInAsPSb 
semiconductor alloys. 
2.1.2 Carriers within the bands 
As we mentioned in the previous section at a temperature of 0K the valence 
bands are full of electrons and the conduction band is empty. At higher 
temperatures electrons may be thermally excited into the conduction band 
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leaving holes in the valence band. The concentration of thermally excited 
electrons in the conduction band is governed by Fermi-Dirac statistics and is 
given by 
f (E)g(E)dE (2.2) n= 
fEc 
where f (E) is the Fermi-Dirac distribution function given by Eq. 2.3 and g(E) 
is the density of states (DOS) in the conduction band. E,, is the conduction 
band edge: the lowest point in the band. 
f (E) -1 
exp ((E - EF) /kau') +1 
(2.3) 
In Eq. 2.3 EF is the Fermi energy and when E= EF, f (E) = 0.5, meaning 
a state at this energy has a 50% chance of being occupied. For a bulk 
semiconductor, using the approximation that the band is parabolic, g(E) is 
given by Eq. 2.4. 
2me )3/2 
g(E)dE =2142( hZff 
(E -E C) 
1/2 dE (2.4) 
It can be seen from this relationship that the DOS depends on the effective 
mass (curvature) of the conduction band raised to the power 3/2. It is also 
dependent on the square root of the energy above the band edge. Figure 2.4 
shows how the DOS given by Eq. 2.4 varies with energy above the conduction 
band edge. 
When considering optical processes in semiconductors (e. g. photon ab- 
sorption creating a hole in the valence band and an electron in the conduction 
band) it is necessary to consider the density of states of both bands in what 
is known as the joint density of states (JDOS). This is given here by equa- 
tion 2.5, where dS is an area element on a surface of constant energy: 
JDOS a 
JS 1 
dS (2.5) 
4lr31 Ok(Ec-E)IE_E. = º 
The JDOS is a rapidly varying function of k where Vk(Ec - E) =0 and this 
condition occurs at the critical points in the semiconductor band structure 
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Figure 2.4: Schematic illustration of the density of states (DOS) near the 
conduction band edge energy, E, in a bulk semiconductor with an idealised, 
parabolic band edge given by Eq. 2.4. The DOS above E, displays a square 
root energy dependence and below this it is zero. 
where the dispersions of the bands are either equal or both zero (Fig. 2.2). 
The most important critical point occurs at the highly symmetric F-point of 
the I3rillouin zone in direct gal) semiconductors where both the valence and 
conduction band dispersions are zero. Therefore, the crystal structure, which 
defines the dispersion relations of the band structure of a semiconductor also 
heavily influences the density of states. As we discuss in section 2.1.4 the 
JDOS is directly related to the optical properties of a semiconductor and as 
such plays an important role in the performance of opto-electronic devices. 
2.1.3 Quantum confined semiconductors 
By growing semiconductor materials of differing band gaps in layers (het- 
erostructures) it is possible to confine electrons and holes in the resulting 
potential wells which are formed. This is illustrated schematically in fig- 
ure 2.5, where the F-point band lineups are shown for the conduction band 
(CB) and valence band (VB). For simplicity we have only considered one 
valence band in this picture. The well material has a lower fundamental 
band gap of E. "' and the wider gap barrier material has a band gap of E. 
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Figure 2.5: Schematic illustration of the band lineups in a quantum well 
heterojunction. The curves show the symmetric (about the well centre) wave- 
functions of the ground states confined in the two potential wells formed within 
the valence and conduction bands. The conduction band (CB) well has height 
Ohm, and the valence band (VB) well is DE deep. 
The relative positions of the bands is determined by the electron affinities 
of the materials and can be estimated using the model solid theory of Van 
de Walle. [8] For many materials a well of the type in Fig. 2.5 is formed, 
with a potential well of depth AE, in the CB, and OF,,, in the VB, where 
Eo - Eo = DE, + DE,,. If the physical width of the well is of the or- 
der of or less than the de Broglie wavelength of the carriers in the material 
(L < 500 A) then quantum confinement effects will occur. Within the wells 
(where the confinement potential is zero) the electrons and holes will have 
symmetric or anti-symmetric oscillatory wavefunctions. However, within the 
barriers the wavefunctions will exponentially decay to zero if the carrier en- 
ergies are less than the potential barrier height. Therefore, by matching the 
amplitudes and gradients of the wavefunctions at the barrier-well interfaces 
it is possible to calculate the eigenstates (energies) of the allowed confined 
states. In Fig. 2.5 we show schematically the electron and hole confined 
ground states (the lowest energy states allowed in the wells), having energy 
el and hl respectively. Processes such as absorption within this quantum 
well (QW) will involve these states rather than the CB and VB edges of the 
bulk material and thus the absorption edge of the well material is shifted 
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in energy by +(el + hl) meV. In fact the shift is smaller than this due to 
the binding energy (Coulomb attraction) of the excitons which form prior to 
the electrons and holes recombining. An exciton is simply an electron and 
hole in orbit about one another and is analogous to a hydrogen atom. In 
three dimensional bulk materials it is possible to express the exciton binding 
energy as: [1] 
EB=-Roo µ1m 
er 
(2.6) 
where R, = 13.6 eV is the Rydberg constant (binding energy of a hydrogen 
atom), p is the reduced mass of the exciton, and -, is the dielectric constant 
of the semiconductor in question. Using appropriate parameters we find that 
EB 4 meV for GaAs. In two dimensions the binding energy is increased by 
a factor of four, [9] thus making excitons far more stable in quantum wells 
than in bulk semiconductors. Therefore, excitonic effects in optical spectra 
can be seen at room temperature in QWs. [10] 
QWs are used routinely in modern devices since they bring a number of 
benefits to their performance. Firstly it is possible to tailor the desired op- 
erating wavelength of a device by growing QWs of specific thicknesses since 
the confinement energies of the electrons and holes are dependent on the well 
width. Also the simple physical confinement of the carriers means that they 
are unable to escape easily from the active region of a device before recom- 
bining. Another advantage is the step-like density of states which occurs 
in QWs which leads to improved performances in QW semiconductor lasers 
over conventional heterojunction devices. [11] Strain too can be incorporated 
into the wells by mismatching their lattice size with that of the substrate 
material. In compressively strained QWs, the heavy-hole band lies above 
the light-hole band at the r-point with the effective mass of the heavy-hole 
band reduced in the plane of the well. This causes a reduction in the den- 
sity of states and an improved performance in lasers containing such wells 
follows. [12,13,14] For each of these reasons QWs are now integral parts in 
many devices such as semiconductor lasers or light-emitting diodes. 
Although calculating the confinement energies within a well using a single 
wavefunction (such as described in this section) gives a reasonable approxi- 
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mation of the energies it is more accurate to consider the multiple bands in 
the semiconductor since these bands are coupled by the interactions between 
them. In appendix A we discuss the multi-band envelope function approx- 
imation technique used in this work to calculate the confined states in the 
QWs studied in this work. This gives greater accuracy than the standard 
single band approach discussed here. 
2.1.4 Optical properties of semiconductors 
The optical properties of semiconductor materials are closely related to their 
electronic band structures. The ability to tailor the band structure in these 
materials gives us the control over their optical properties and this has been 
a principal reason for the large interest in semiconductors over the last 50 or 
so years. In this work we primarily use optical characterisation techniques 
to study semiconductors and we discuss here what governs the interactions 
between light and matter in these materials. 
The dispersion and absorption of a plane wave in a semiconductor can 
be described by the material's complex refractive index N=n+ in, where 
both the real and imaginary components are functions of wavelength. The 
complex refractive index is related to the complex dielectric function of a 
material by the relation 6= e1 + ie2 = N2, giving 
el =n 2- rv 2 and e2 = 2nn (2.7) 
The dielectric function of a material essentially describes how it responds 
to an applied electric field - in particular, it tells us how displaced the atoms 
within it become, and the level of polarisation within the material under an 
electric field. In this work we refer to the dimensionless relative dielectric 
function, e= em/eo, where -o = 8.8532 x 10-12 Fm-1 is the permittivity of 
free space, and em is the actual permittivity of the material. 
Through causality, the real and imaginary parts of the dielectric func- 
tion are related by the Kramers-Kronig dispersion relations below, where P 
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denotes the Cauchy principle value of the integral: [15] 
2 rO0 wl C2 ý r 2w °O '61(wr) r El (w) = 1-1- P Jo wr2 - w2 dw and e2 (w) w12 - w2 dw (2.8) 
where w is the angular frequency of the electromagnetic wave and is related 
to the wavelength by w= cko, where ko = 27r/)o is the free space wavevector. 
A consequence of the dispersion relations is that if the behaviour of the real 
(imaginary) part of the dielectric function is known over all wavelengths then 
the imaginary (real) part can be calculated at any specific wavelength value. 
The real and imaginary parts of any linear response system can be related 
by similar expressions so long as the system obeys causality. 
We discus later on in chapter 5 an interesting relationship between the 
Seraphin coefficients of a VCSEL and the Kramers-Kronig (KK) dispersion 
relations. The KK relations can also be used to analyse modulation spec- 
troscopy data as explained later in this chapter. As a result they are impor- 
tant in the field of modulation spectroscopy and so we call upon the relations 
often in this work. 
The dielectric function of a material plays a key role in the interactions 
between light and matter and the imaginary part of the dielectric function 62 
is closely related to the joint density of states of a semiconductor. In the case 
of direct, interband transitions this relation is given by equation 2.9, where 
M,, is the matrix element, which depends on the wave functions of the initial 
and final states (i. e. of the electron state in the valence band and conduction 
band). For a given initial and final state, M, essentially defines the proba- 
bility of an electronic transition occurring between the states, induced by an 
incident electromagnetic wave of energy hw. The surface integral (exclud- 
ing the matrix element) represents the joint density of states as discussed in 
section 2.1.2 
_ 
8hi27re2 /' IMCI2 
() e2 
ep71"W2 
Js 41r3ýOk(Eý - Ev)ýEc-E_nwdS 
2.9 
In this relation E. and E are the conduction and valence band edges; m is the 
free electron mass and e is the electronic charge. Wherever Vk(Ec - E) -º 0 
the joint density of states becomes a rapidly varying function of k. This 
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condition can occur at so called critical points in the semiconductor band 
structure. The most important critical point occurs at the highly symmetric 
I'-point of the Brillouin zone in direct gap semiconductors where both the 
valence and conduction band dispersions are zero. It is at this point where the 
majority of radiative carrier recombination occurs since this is the smallest 
band gap in III-V direct semiconductors such as GaAs. 
The absorption coefficient (Qab3) of a material is a measure of the intensity 
attenuation per unit length of a plane wave travelling through the medium 
and is related to the imaginary part of the dielectric function. The common 
expression for ass is written in terms of the extinction coefficient i and the 
free-space wavelength )to: 
aabs 
47rK 
(2.10) = A0 
The absorption, like e2, is closely related to the joint density of states of a 
material. For an ideal semiconductor photons of energy below that of the 
band gap will be unable to excite valence electrons into the conduction band 
and at such energies aab, = 0. Above the band gap aQb, increases roughly in 
line with the joint density of states (Fig. 2.4). It is possible to measure ab8 
directly in semiconductors. However, due to the presence of free-carriers near 
the band edges (i. e. from intentional doping or thermal excitation effects) and 
defect states lying within the band gap it is not always possible to ascertain 
accurate values of the band gap from such measurements. As an example 
of this, figure 2.6 shows the absorption of GaAs near the band edge for a 
range of different doping concentrations. [16] It is clear that determining Eo 
from each of these spectra is not a simple case of inspection, especially for 
higher levels of doping concentration. Therefore, in order to study the band 
structure of semiconductors it is often necessary to turn to techniques with 
greater sensitivity. 
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Figure 2.6: Room temperature absorption in GaAs near the fundamental 
band gap for various levels of n doping. [16] 
2.2 Modulation spectroscopy of semiconductors 
2.2.1 Fundamentals of modulation spectroscopy 
As mentioned above it is often not possible to accurately study the band 
structure of a semiconductor using conventional optical characterisation tech- 
niques such as absorption spectroscopy or reflectance and transmission spec- 
troscopy. One family of techniques that offers a higher accuracy and sensi- 
tivity is modulation spectroscopy, a powerful optical characterisation tech- 
nique that plays an important role in developing the understanding of both 
semiconductor materials and devices. Throughout this work we exploit the 
powerful properties of this technique and so here we aim to give a brief back- 
ground into modulation spectroscopy. 
Modulation spectroscopy essentially involves periodically perturbing the 
optical properties of a sample in some way and measuring the resulting 
changes in say the reflectance, transmission or absorption spectrum. The 
advantage of modulation spectroscopy over conventional optical techniques 
such as measuring the reflectance is that critical points in the band structure 
appear as sharp, well defined features, with the slowly varying background 
reflectivity removed. This is due to the differential nature of the technique 
and is illustrated in figure 2.7, where both the reflectance and modulated re- 
flectance spectra for GaAs at room temperature are displayed. [17] The form 
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Figure 2.7: Reflectance (1R) and modulated reflectance (OR/R) of GaAs at 
room temperature over a large energy range, covering a number of critical 
points in the band structure. [17] 
of the reflectance (R), although showing some weak features at the marked 
critical point energies (E0, El+il and Eo for example), is not strongly depen- 
dent on the band structure. This makes it difficult to determine the various 
energies of interest from R. In contrast, the modulated reflectance spectrum 
(OR/R) exhibits sharp derivative-like features at six discrete critical points 
in the band structure-each clearly discernable, allowing the energies of the 
features to be determined with great accuracy. 
There are two different types of modulation spectroscopy, classified in 
terms of whether the perturbation is applied externally or internally. [17] 
Internal perturbation methods involve changes to the measurement condi- 
tions: for example, the measuring wavelength could be modulated. External 
perturbation methods involve changing the sample's properties in some way 
by applying say an electric field, stress or heat. In this work the focus is 
on photomodulation spectroscopy (PR), a contactless form of electromod- 
ulated reflectance (ER). In this technique, a sample's internal electric field 
or carrier concentration is modulated by illuminating it with mechanically- 
chopped laser light. This in turn alters the sample's dielectric function by 
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some small amount De = Del + i& 2, where, due to causality Del and 
Dee are Kramers-Kronig pairs, related by Eq. 2.8 on page 23. It is possible 
to measure the resulting differential change in the intensity of the reflection 
AR = Riaser on-Riaser off that arises from this change in the dielectric function 
and the PR signal is defined as: 
AR 
=1 
(M) 
DEJ + (-) A62 = CYAe1 +, ß0F2 (2.11) 
R 1962 
where a and /9 are the Seraphin coefficients. [18] For bulk, single layer systems 
the Seraphin coefficients are typically slowly varying functions of wavelength 
and their effect on the lineshape of the PR can then be essentially ignored 
so that the experimental measurement is primarily representative of De. 
The form that De takes is influenced by the size of the perturbing electric 
field induced in the material by the modulation laser. There are three regimes 
in which && assumes different forms of lineshape and these depend on the 
perturbation and system energies for both interband and intraband carrier 
acceleration mechanisms. [19] In this work we are primarily concerned with 
the so called low-field regime where, for interband mechanisms the carrier 
energy gained from acceleration due to the perturbing electric field across 
the unit cell is small compared to the band gap energy. For intraband mech- 
anisms the low-field regime occurs when the average carrier energy gained 
from the acceleration is small compared to the lifetime broadening I' of the 
carrier states. In this low-field regime 0. - can be shown to be related to 
the third-derivative of the unperturbed dielectric function after Aspnes, [19] 
which as we shall show later has a relatively simple form. 
3 
De a E3 
(E's (E, I')) (2.12) 
Aspnes states that the reason for this relation is due to the fact that 
applying an electric field alters the symmetry within a crystal meaning that 
the crystal momentum is no longer a good quantum number. This alters 
which transitions may occur near the band edges, and thus, the profile of 
the modulated dielectric function and results in a behaviour described by 
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Eq. 2.12. [19] Other modulation spectroscopy techniques which do not alter 
the crystal symmetry (for example temperature modulation spectroscopy) 
exhibit first derivative lineshapes for 0e. [20,21] In such techniques the 
dielectric function is typically shifted in energy, rather than having its profile 
altered and so the DE lineshapes are simpler to those seen in ER and PR 
measurements. The trade-off however is that the techniques which yield first 
derivative lineshapes are usually more difficult to perform compared to ER 
and PR experiments. 
If the internal electric field of a sample being modulated is greater than 
in the low-field regime (and the associated electo-optic energy of the field is 
comparable to the energy broadening of the critical point in question [19]) the 
PR spectrum may exhibit so called Franz-Keldysh oscillations (FKOs). [22] 
In this intermediate to high-field regime the PR spectra are notably more 
complex and as a result, more difficult to interpret. Figure 2.8 shows an 
example of a measured PR spectrum exhibiting FKOs. [23] This displays the 
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Figure 2.8: Franz Keldysh Oscillations observed in the photo- 
modulated reflectance spectrum of a sample containing GaAs. [23] 
trademark decaying oscillations at energies above the band gap (1.42 eV in 
this case) and an exponential decay below the band gap. As we shall see in 
the next section, this is rather more complex than a typical low-field PR or 
ER spectrum. 
Fortunately the samples we study in this work tend to lie in the low-field 
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regime and we do not need to discuss in detail the process for analysing mea- 
surements such as the one in Fig. 2.8. However, we mention the existence of 
both the intermediate-field regime and FKOs here since in chapter 6 some 
of the samples investigated exhibit slightly complicated PR spectra, not de- 
scribable by a standard low-field regime model. It is therefore useful to have 
some knowledge of the intermediate-field regime in order to understand our 
spectra and to ensure they are analysed in an appropriate manner. 
2.2.2 Analysis of modulation spectroscopy lineshapes 
To derive an analytical form for Eq. 2.12 it is necessary to develop the rela- 
tionship for Dee in equation 2.9. This way a model for the low-field PR can 
be determined and used to parameterise measured data. In reference [17] it 
is shown that the complex dielectric function for differing parabolic critical 
points can be expressed using the following simple form: 
e (E, r) = CC'° (E - Eo + iT)-m (2.13) 
where C is an amplitude, I' a broadening parameter, 0a phase parameter, Eo 
the energy of a critical point, and m an exponent. The value of m depends on 
the type of critical point with which the dielectric function is associated: for 
1D critical points the exponent is 1/2; for 2D it becomes 0; and for 3D critical 
points m= -1/2. Discrete excitons can be modelled by setting the exponent 
to a value of 1. As a first approximation this is suitable for describing the 
dielectric functions of excitons in QWs, which have a Lorentzian profile. 
Although this approximation is adequate for most of the work in this thesis, 
in section 5.2.1 we introduce a more detailed description of the dielectric 
function of excitons in QWs. In that chapter the extra detail is required 
to fully account for the effects of the QWs on the optical properties of a 
particular sample. 
When the exponent m is set to -1/2 equation 2.13 yields the square root 
behaviour for e2 with energy as depicted in figure 2.4 for bulk semiconductors 
near the fundamental band gap Eo. It should be noted that the form of 
equation 2.13 is suitable only for taking the derivative of (as in Eq. 2.12) 
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as it does not include any additional constant background terms required to 
give the full dielectric function value of a material. -Therefore it is a suitable 
starting point for deriving a low-field PR model, but not for use as a stand 
alone dielectric function model. 
Combining Eqs. 2.11-2.13 gives the so called third-derivative functional 
form (TDFF) for a low-field PR lineshape developed by Aspnes [19]: 
AR 
= Re [(a - iß) (del + i&s2)] = Re [Ce'B (E - Eo + ir)-"] (2.14) R 
Since taking the third derivative increases (negative sign included in power 
term) the magnitude of the exponent m in Eq. 2.13 by three, it follows 
that a 3D critical point will have n= -1/2 +3=2.5 in a TDFF. The 
TDFF equation is valid only if the Seraphin coefficients are slowly varying 
enough that a- iß can be considered a constant, so that its effect can be 
incorporated into the TDFF by suitably redefining the amplitude C and the 
phase factor 0. It is also only truly valid for parabolic, ideal semiconductors. 
Successfully fitting a TDFF lineshape to measured PR data allows the energy 
and broadening of a critical point to be accurately determined, making it 
a very useful fitting function. In this work we use a least squares fitting 
routine using the Levenberg-Marquardt algorithm [24] written by Hosea [25] 
to analyse our measured PR spectra. 
For PR of QW samples the lineshapes are not described using a third 
derivative relationship such as Eq. 2.12. They are in fact derived using a 
first derivative relationship since this is more appropriate for the effects of 
a perturbing electric field on excitons confined in QWs. [26,27] Fortunately 
we can still use the general TDFF equation in order to describe QW PR 
lineshapes. However now n=m+1 since only the first derivative is taken. 
Therefore we can use Eq. 2.14 with n=2 to describe the PR lineshapes seen 
for QW samples. We often refer to QW PR features in this work as being 
fitted with the TDFF equation in Eq. 2.14 although strictly speaking, when 
used in this way it is not a TDFF, but a first-derivative functional form. 
For some samples fitting the measured PR with a lineshape model can be 
troublesome for a number of different reasons. Fortunately there is a simple 
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and quick way of estimating the energies of critical points by calculating 
the modulus of a PR spectrum. This can be done using the relationship in 
Eq. 2.15. [31,28] 
rl/2/r2 
Mod{ 
RR}= 
IR +IKK{ 
Rý l 
(2.15) 
111 J\/\l 
ý/ 
Here the PR and the Kramers-Kronig (KK) transformed PR are added in 
quadrature, where the KK transform is related to the modulation induced 
change in phase of the reflectance and is given by Eq. 2.16: 
AR L.! 
2 
KK 
OR 2w 
p (w') dw, (2.16) 
R 7r 0ww 
Although the integral in Eq. 2.16 extends from zero to infinite energy it is 
possible to truncate the range to cover those energies for which the mea- 
sured PR spectrum is non-zero. Therefore calculating the KK transform is 
straightforward and we do it here using Simpson's rule for the integration. [29] 
The modulus spectrum is simpler than the PR spectrum since the phase 
information is removed and the modulus appears as a simple peak centred 
at the critical point energy. This is demonstrated by Eq. 2.17, the modulus 
lineshape of a TDFF (Eq. 2.14), derived using Eq. 2.15: 
Mod { 
AR 
}= 
[(E - E0 )C + I'2 
n/2 
(2.17) 
t JJJ 
Therefore it is possible to simply read the energy from the peak in the spec- 
trum. This is highlighted by the solid curves shown in figure 2.9 (a) and 
(b). In Fig. (a) the solid curve represents a computed TDFF lineshape 
(Eq. 2.14), generated using the parameters stated in the figure. The HWHM 
of the lineshape is I' = 40 meV. The solid curve in Fig. 2.9(b) shows the 
modulus of the TDFF, calculated using Eqs. 2.15 and 2.16. As can be seen 
this is a symmetric, Lorentzian-like shape with a peak at the critical point 
energy Eo = 1.3 eV. The HWHM of the modulus lineshape is I' = 40 meV, 
equal to that of the TDFF in (a). It is clear that the modulus graph is easier 
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Figure 2.9: (a) Simulated photomodulated reflectance lineshape using 
Eq. 2.14 (p. 30) for a standard feature (solid curve) and a feature with an 
energy dependent broadening (dashed curve). The amplitudes of the two func- 
tions are equal at C= 11.7. (b) Calculated modulus PR spectra of the two 
lineshapes in (a) using Eq. 2.15 on page 31. 
to interpret than the TDFF in (a) and we use the technique routinely in this 
work alongside least squares fitting with the TDFF function to analyse our 
PR data. 
As well as being a simple and quick way of interpreting PR spectra, the 
modulus technique also provides a reliable way of estimating critical point 
energies of spectra which for some reason cannot be fitted with a model 
such as the TDFF equation. We demonstrate this here by plotting a TDFF 
in Fig. 2.9(a) (dashed curve) with the same parameters as the previous one, 
except now the HWHM is a function of energy, varying linearly between 40 
IF < 90 meV over the energy range displayed. This has the effect of spoiling 
the lineshape so that it cannot be described by a standard TDFF. It has been 
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suggested previously that such an energy dependent broadening could be used 
as an empirical way of modelling PR spectra which are complicated by effects 
such as strain or non-uniform electric field distributions. [30] The calculated 
modulus of this lineshape is plotted in Fig. 2.9(b) (dashed curve). It can be 
seen that this modulus feature is not perfectly symmetric (especially when 
compared to the modulus spectrum of the standard TDFF shown by the solid 
curve) and this is due to the energy dependence of I' here. However, despite 
this non-symmetric profile we see that the modulus still peaks at 1.3 eV, the 
value of E0. This indicates that the modulus technique is able to reveal Eo 
for this lineshape when the conventional TDFF model is unable to. 
Although the modulus technique is a very useful one for estimating critical 
point energies we must mention that its accuracy is not always as high as 
in the demonstration in Fig. 2.9. This is especially so for PR spectra which 
consist of several closely spaced transition features, separated by energies 
less, or comparable to their HWHMs. [31] The most desirable situation is to 
be able to obtain high quality fits with a model such as that of Eq. 2.14 
2.2.3 Experimental technique of photomodulated reflectance 
Figure 2.10 shows the experimental set-up used for the visible and near- 
infrared reflectance and PR experiments carried out in this work. White light 
from a tungsten filament bulb is monochromated by a grating spectrometer 
and the output light is focussed onto the surface of the sample using quartz 
glass lenses. The sample can be heated or placed in a cryostat to be cooled so 
that thermal effects on the band structure can be investigated. The sample on 
its mount can also be rotated so that the reflectance (or PR) can be measured 
as a function of angle of incidence. This is particularly useful when studying 
VCSELs, as explained later. For such measurements it is necessary for the 
sample to lie directly on the axis of rotation so that the optical alignment is 
not spoilt by changing angles. 
The photo-induced modulation of the dielectric function of the sample 
is achieved by shining a mechanically-chopped laser onto its surface so that 
the laser beam spot overlaps the probe light from the spectrometer. This is 
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Figure 2.10: Experimental setup used in this work to conduct visible and 
near-infrared reflectance and photomodulated reflectance measurements on 
semiconductor materials and devices. 
illustrated in the face-on view of the sample in Fig. 2.10. Here the monochro- 
mated light produces a focussed image of the rectangular exit slit of the 
spectrometer on the surface of the sample. The modulation is achieved here 
using a-2 mW HeNe laser, and the power densities required to achieve 
acceptable PR signals are typically low enough that it is not necessary to 
focus the laser onto the sample surface. The laser-generated carriers which 
cause the perturbation to the sample's internal electric field are believed to 
be captured in traps which have lifetimes of the order of milliseconds. There- 
fore it is important that the modulation frequency should be low enough to 
allow the carriers to be released from the traps so that the modulated signals 
can be detected. If the modulation frequency is too high it is possible for 
the size of the measured signal to be compromised. [32] In our visible and 
near-infrared experiments we used a modulation frequency of 333 Hz. 
It is desirable that the detector and amplifier used are able to register 
both ac and dc signals so that both the reflectance R and the difference 
signal (OR = RLaser on- R1, aser off) can 
be measured. A dc coupled volt meter 
can then be used to channel the reflectance signal to a computer while a lock- 
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in amplifier can be used to detect OR. Once both spectra have been recorded 
they can be divided to give the PR signal OR/R defined in equation 2.11. 
An advantage of this division process is that any arbitrary system response 
effects are cancelled out. If one desires a measurement of the true reflectivity 
of the sample, i. e. without system response effects, it is necessary in our 
set-up to measure the system response in a separate experiment without the 
sample in the optical path. The reflectance can then be divided through by 
this measurement to give the normalised reflectance values. 
2.2.4 Photomodulated reflectance of VCSELs 
As discussed in section 1.2 the operational efficiency of a VCSEL is heav- 
ily dependent on the amount of de-tuning between the cavity mode energy 
(EcA1) and the peak in the material gain curve, which will be close to the 
ground state transition energy of the quantum wells in the device (EQW). 
Therefore, characterising this property is a very useful way of determining 
if a sample has been grown correctly before processing it into a functioning 
device. While determining ECM is relatively simple since it can be found 
from the reflectance spectrum (see Fig. 1.4 on page 8 for example) determin- 
ing EQW is more complicated due to the high reflectance stop-band caused 
by the DBR layers. This means that conventional PL spectroscopy cannot 
be used to measure the emission from the QWs since the luminescence is 
internally reflected by the DBRs, and can only escape at ECM. It is possible 
to remove the upper DBR of a VCSEL by etching it, leaving the cavity and 
lower DBR intact. The PL may then be measured to reveal the value for 
EQW. [33] The main issue with this process is that it is destructive to the 
sample and therefore non-ideal. 
It was shown in 1996 by Berger et al. that despite the strongly reflecting 
DBRs in a VCSEL it is possible to observe PR features from both the CM 
and QWs, allowing a non-destructive measurement of the de-tuning between 
the two. [34] Since then a great deal of work has been done to develop PR 
as a non-destructive technique for characterising VCSEL wafers. It is now 
known that the PR feature arising from the CM of a VCSEL is caused by a 
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photo-induced modulation of the cavity refractive index and/or absorption. 
In the current understanding this alters the position and depth of the CM 
feature, as illustrated in figure 2.11. [35] Here we have shown the modulation 
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Figure 2.11: Schematic illustration of the change in the reflectance (R) in 
the vicinity of a VCSEL cavity mode (at ECM) as a result of a change in 
the cavity dielectric function (real part-left hand side, imaginary part-right 
hand side). The lower plots show the associated Seraphin coefficients, a being 
anti-symmetric, and /3 being symmetric about ECM. [35] 
in terms of changes to the dielectric function of the cavity since the Seraphin 
coefficients are defined as functions of el and 62. As can be seen from the 
figure, a modulation in the real part of the dielectric function (Sel) causes the 
optical thickness of the cavity to increase and so ECM decreases. Therefore, 
the CM dip in R moves to a lower energy. The a Seraphin coefficient will take 
the approximate form given by R(el + Sei) - R(el), which can be seen from 
Fig. 2.11 to be anti-symmetric and centred about ECM. A modulation in See 
of the cavity is believed to alter the depth of the CM dip in R and this results 
in a symmetric lineshape for the ý3 coefficient, also centred about ECM. [36] 
These modulations to the cavity absorption and optical thickness are believed 
to be due principally to a modulation of the QWs, which, lying within the 
cavity region contribute to the overall cavity absoprtion and optical thickness. 
A-VCSEL PR signal is a multiple of the QW modulated dielectric function 
and the Seraphin coefficients of the cavity shown in Fig. 2.11. 
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De of the QW can often be suitably described using a TDFF function 
given by Eq. 2.14 on page 30. It has also been verified that the form of 
the Seraphin coefficients shown in Fig. 2.11 can be represented by simple 
Lorentzian lineshapes. This leads to a VCSEL PR lineshape model which 
can be used to fit measured PR spectra: [36] 
OR 
Re 
IaOcM IßrcM ece ) 2.18 =LM+ rýý1 - 
iACM 
+ rýM L(OQV + iI'QW " 
11 
Here ACM = ECM -E and AQW = EQW - E, rcm and I'QW are the half- 
width at half-maximum of the CM and QW features respectively. I,,, # are 
the respective amplitudes of the two Seraphin coefficient lineshapes. The 
remaining QW parameters in the TDFF part of the equation are explained 
on page 29. 
Eq. 2.18 gives a fitting model with eight variable parameters (including 
the exponent n of the TDFF) which can be used to describe measured PR 
spectra and to quantify the results. Despite the relatively complex form of 
the relationship it is often possible to achieve good fits to measured data, 
especially when PR features for both the CM and QW are observable- 
this enables one to make good estimates of the initial parameter values in 
Eq. 2.18 for the fitting routine. This lineshape formula has been successfully 
used a number of times previously to fit measured PR lineshapes of a range 
of VCSELs and related structures. [36,39,37,38] 
A correctly grown VCSEL will actually be de-tuned at room temperature, 
with EQW a few meV higher than ECM. This allows the QW gain peak to 
come into resonance with the CM as the active region heats up during laser 
operation. Therefore, when studying VCSEL wafers using PR it is useful 
to vary the de-tuning between the CM and QW so that the conditions for 
which ECM = EQW can be determined. One way of doing this is to vary the 
temperature of a sample by mounting it on a heater, or in a cryostat. As the 
temperature increases the band gap of a QW will be reduced, causing EQW 
to decrease. ECM also reduces as the temperature increases, but at a slower 
rate, [39] allowing EQjy to be tuned through. ECM so long as the initial de- 
tuning is not so large that the required temperatures can be applied without 
37 
2. Theoretical Background 
damaging the sample. The CM energy changes due to thermal effects on 
the refractive index of the cavity medium, which causes the optical thickness 
to increase. The physical thickness of the cavity is also increased due to 
thermal expansion. However, this effect is considerably less significant than 
the change in refractive index. [40] 
Another method for varying the de-tuning is to mount the sample on a 
turntable and record the PR at different angles of incidence. [41] In this type 
of experiment the QW energy levels are unaffected and the CM can be tuned 
(blue-shifted) through the transition energies, so long as the initial conditions 
are favourable. This technique is discussed further in section 3.4.1 where we 
look specifically at the angle dependent PR of a 760 nm VCSEL wafer. 
There are other methods available for tuning the QW and CM in a VCSEL 
wafer; it is possible to do so for example by applying hydrostatic pressure 
to a sample. [42] However, in this work we limit our studies to investigating 
angle and temperature dependent PR . 
During previous PR studies of VCSELs and related structures some key 
findings have been made which give us very useful tools for determining from 
the PR spectra when a VCSEL is tuned with ECM = EQW. These tools are 
particulary useful if the spectra are too troublesome to fit with the lineshape 
model of Eq. 2.18, or if the QW PR feature is too weak to be discerned so 
that its energy cannot be determined. 
The first of these findings is that when Ec4, t = EQW the amplitude of the 
PR becomes maximum. [38,43] This amplitude resonance effect is known to 
occur in VCSELs that have rc, 1 ti I'QW and is caused by the multiplicative 
effect between the CM Seraphin coefficients and the QW modulated dielectric 
function, which is largest when ECM = EQW. [35] Therefore, if one wishes 
to determine when a VCSEL is tuned it may be possible to simply look 
for the condition in which the measured PR signal is a maximum. Such 
a convenient technique makes it straightforward to interpret the PR of a 
VCSEL. However, as we illustrate later in our studies on a 760 nm VCSEL, 
an amplitude resonance can occur when I CM is not approximately equal 
to rQW but this is not necessarily an indication that a VCSEL is tuned. 
Therefore, caution needs to be exercised when interpreting such a resonance. 
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There is another technique for determining when a VCSEL is tuned by 
simply studying the appearance of the measured PR. This method involves 
the symmetry of the lineshape and is applicable to VCSELs in which FCM 
I'Qcv. In such VCSELs it has been observed that the measured PR becomes 
anti-syniinetric when h; CM = /JQW. [44,45] In VCSELs with FCM < FQW 
the PR lineshape is dominated by the form of the Seraphin coefficients in 
the vicinity of the CM as illustrated in figure 2.12. The upper plots in 
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Figure 2.12: Schematic illustration of the Seraphin coefficients of a VCSEL 
(upper plots) and the modulated dielectric functions of the quantum wells 
within the cavity (middle plots). In this example the quantum well feature is 
significantly more broad than the cavity mode (rQw > I'CM) and the resulting 
multiples of the Seraphic coefficients and dielectric functions are seen to be 
anti-symmetric when EQW = ECM (lower plots). 
this figure show the sharp Seraphin coefficients of width FCM at the CM 
energy. Below these are a representation of the modulated dielectric function 
of the QWs at EQW = ECM, having FQW > FCM. These are plotted with 
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Lee having a dispersive profile since the modulation process is believed to 
slightly shift the QW absorption edge (a change in the magnitude of the 
quantum confined Stark effect [46]) as the electric field across the wells is 
altered. The two components of the PR signal (i. e. the multiples a/el and 
Q062) are shown in the bottom two plots. Looking at a0&1 we see that the 
lineshape is anti-symmetric since it is governed principally by the shape of 
a, with del being slowly varying over the energy region of the CM feature. 
Therefore this element of the PR gives rise to an anti-symmetric lineshape 
when ECM = EQIV. The other component of the PR, ßi e2, is very weak due 
to the fact that Ae2 goes through zero at the CM energy causing an anti- 
resonance in the amplitude of this component. Therefore, the overall PR 
signal is dominated by the anti-symmetric aAel component and this is the 
reason why in VCSELs with rc, « I'QW the PR becomes anti-symmetric 
when ECM = EQyy. This gives another powerful method for determining 
when a VCSEL is tuned and can be realised by simply monitoring the phase 
of the measured PR lineshapes. 
The amplitude resonance effect and the anti-symmetry effect are both 
very useful methods for determining when a VCSEL is tuned. However, in 
order to use either, the relative widths of the CM and QW features must be 
known. We show in chapter 3 that it is possible to get misleading amplitude 
resonances occurring when ECM EQtiy in a VCSEL with I'CM « rQw. 
Since we knew the relative widths of the two features in this case we were 
able to discount the amplitude resonance. However, if we were unable to 
compare the widths for some reason we may have mistaken the effect as 
being a sign that the VCSEL was tuned. Therefore, care must be taken 
when interpreting VCSEL PR spectra, especially if the relative linewidths of 
the CM and QW features are unknown. 
2.3 Calculating the optical properties of stratified di- 
electric layers 
As discussed in the introduction and previous section the reflectance and 
photomodulated reflectance lineshapes of VCSEL structures are particularly 
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detailed due to the complicated nature of their design. In this section we 
shall discuss the method we use in this work to calculate the reflectivities of 
VCSELs, enabling us to gain insight into how both the design of a sample, 
and the materials used contribute to give such detailed optical spectra. 
The reflectance (or transmittance) of an interface between two different 
materials is dependent on the refractive index contrast between the two. The 
refractive index of a material is related to the dielectric function via Eq. 2.7 
on page 22. Therefore, through this and Eq. 2.9 on page 23 we see that the 
reflectance and transmittance at the interface between two semiconductors 
are influenced by the band structures of the materials. By applying the ap- 
propriate boundary conditions for an electromagnetic wave travelling across 
an interface between a material and some other medium of incidence it is 
possible to calculate these optical properties. This situation is depicted in 
Figure 2.13, where the interface between the two materials (1 and 2) is de- 
noted by the x, y plane. The plane of incidence contains the normal to this 
ti 
2 
x 
Figure 2.13: Reflection and refraction of a plane wave at the interface between 
two materials (1 and 2). 
plane and the unit vector 0), which represents the direction of travel for the 
incident plane wave. In this figure, the electromagnetic wave is represented by 
a simple ray diagram. A is the complex amplitude of the electric field vector 
for the incident plane wave. The field may be resolved into two components, 
one parallel to (transverse magnetic (TM)), and the other perpendicular to 
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(transverse electric (TE)) the plane of incidence. These components are de- 
noted by All and Al respectively. It can be seen that the incident plane wave 
splits into two waves at the boundary, one being reflected and the other re- 
fracted. These two separate components are labelled r and t respectively. By 
considering the time variation of the electric fields across the boundary it can 
be shown that the angle at which the reflected wave makes with a unit vector 
along the z axis is given by B, = 7r -Oj, where O is the angle of incidence. 
This treatment also leads to Snell's law of refraction, which relates the angles 
of incidence and refraction with the refractive indices of the two layers: 
Nl sin(O) = N2 sin(Ot) (2.19) 
In Ref. [47] the following Fresnel formulae are derived for the amplitudes 
of r and t for both TM and TE polarisations: 
_ 
2N1 cos(O ) tll N2 cos(Oi) + Nl cos(Ot) 
All (2.20) 
tl _ 
2N1 cos(Oi) (2.21) 
Nl cos(O) + N2 cos(Ot) 
Al 
= 
N2 cos(9i) - Nl cos(O ) rýý N2 cos(O) + Nl cos(9t) 
All (2.22) 
= 
Nl cos(O) - N2 cos(Ot) r1 Nl cos(Bi) + N2 cos(O) 
Al (2.23) 
These amplitudes may possibly be complex and the actual reflectivity and 
transmissivity values that are measurable by experimentation arq based on 
light intensity values rather than the complex electric field amplitudes. It 
can be shown that these intensity values relate to the amplitude values via 
the following relationships: 
R=I rF and T= 
N2 cos(6t)ltl2 2.24 
1A12 Nl cos(01)IA12 
() 
For normal incidence, the reflectivity of a single interface between two semi- 
infinite, non-absorbing materials becomes independent of polarisation and 
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simplifies to the familiar expression: 
\2 
R-I n2 - nl I (2.25) 
\n2+ni 
In order to calculate the reflectivity or transmissivity of a more complex, 
multi-layered structure such as a VCSEL, the interference between the re- 
flections from each interface must be taken into account. This can be achieved 
using transfer matrices to describe the propagation of light through stratified 
dielectric layers. [47] With each layer, such as the one shown in figure 2.14, 
Figure 2.14: Propagation of light through a stratified, dielectric layer of 
thickness z and refractive index N surrounded by two semi-infinite materials. 
we associate a characteristic transfer matrix: [47] 
111 O_ 
cos(koNzcos(B)) -psin(koNzcos(B)) (2.26) 
-ip sin(koNz cos(B)) cos(koNz cos(B)) 
P =, 
Fcos(9) 
, pl = cos(B) (2.27) Vµ VE 
where ko is the free-space wavenumber of the wave in the layer, 21r/Ao and p 
represents the optical impedance of the layer for either TM or TE polarisa- 
tions. 0 is the angle of propagation through the layer, as defined in Fig. 2.14. 
It should be noted that the angle 0 appearing in these equations may be 
complex, due to the complex refractive index of the medium. 
When using transfer matrices, the amplitude of the reflectivity and trans- 
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mission defined in equations 2.20-2.23 can be expressed using the following 
relations: 
r= 
(mii + mi2PL)Pi - (m21 + m22pL) A (2.28) 
(m11 + mi2PL)Pi + (m21 + m22Pr, ) 
t= 
2p1 
A (2.29) 
(m11 + m12PL)Pi + (m2i -I- m22PL) 
where pl represents the optical impedance of the semi-infinite incident medium, 
PL is the optical impedance of the semi-infinite final medium, and mij are 
the individual transfer matrix elements for the layer in question. TM or TE 
polarisations can be accounted for by using the correct form of the optical 
impedance in Eq. 2.27, and the correct incident electric field amplitude, All 
or Al. The intensity values for the reflectivity and transmissivity can then 
be calculated using Eq. 2.24. 
For a multilayer structure of Q layers (such as a VCSEL) equations 2.28 
and 2.29 still hold, but the transfer matrix elements m; j refer to the transfer 
matrix for the entire stack of layers, given by the product: 
Q 
M= [J M; (2.30) 
j=i 
Using this technique the reflectance and transmission of complicated struc- 
tures such as VCSELs can be calculated so long as the thicknesses, and the 
complex refractive indexes (which are functions of wavelength), are known 
for each layer. We use this technique extensively in chapter 5 in order to fur- 
ther our knowledge of both the reflectance and photomodulated reflectance of 
VCSEL structures, ultimately enabling us to develop a new lineshape model 
for VCSEL PR. 
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3 Photomodulated reflectance of a 760 nm 
vertical-cavity surface-emitting laser 
3.1 Introduction 
In this chapter we report on the reflectance (R), and photomodulated reflec- 
tance (PR) measurements used to characterise the gain-cavity de-tuning in a 
-760 nm vertical-cavity surface-emitting laser (VCSEL) designed for oxygen 
sensing at high-temperatures. 
Oxygen gas exhibits strong, near-infrared absorption at around 760 nm in 
the so-called `A-band' absorption region. [1] Figure 3.1 shows the transmis- 
sion spectrum of a gaseous sample of pure oxygen in this region, measured 
using a Fourier-Transform spectrometer. [1] The complexity of the absorption 
spectrum is clear, demonstrating many closely spaced lines resulting from 
various atomic transitions. The present VCSEL is designed to probe the 
O 
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Figure 3.1: Room temperature transmission spectrum of a 
2.4 m sample of pure oxygen gas (388.4 Torr) showing the 
absorption lines of the -760 nm `A-band' spectral region. [11 
absorption from these lines at operational temperatures of -100 °C, making 
it suitable for use in the exhaust systems of automotive engines. Monitoring 
the quantity of oxygen in an engine's exhaust gas is a way of determining 
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if the fuel-air mixture in the cylinders is at the desired level. By using an 
oxygen sensor as part of a feedback system corrective measures may be taken 
as necessary to adjust the fuel to air ratio. An on-board computer can then 
be programmed to control the system so as to either maximise the efficiency, 
or the power output of the engine. A VCSEL can be used in such an ap- 
plication as part of a line of sight sensor system, where the concentration of 
uncombusted oxygen would be determined by the amount of absorption of 
the laser's emission. 
VCSELs have a number of qualities which make them ideal for gas sens- 
ing applications. For example, the single mode, narrow linewidths of their 
emission means that high-resolution gas sensing can be achieved. This makes 
it possible to resolve the kind of detail seen in Fig 3.1. Another advantage 
is the dependence of the cavity mode (CM) wavelength on the level of cur- 
rent applied to a device. [2] This is a result of current induced heating in 
the active region, which affects the refractive index, and in turn, the CM 
wavelength. This dependence means that a VCSEL's emission wavelength 
can be swept through the positions of various absorption lines by changing 
the current. [3] The relationship can also be used more subtly: the highly- 
accurate technique of wavelength modulation spectroscopy can be performed 
by simply applying modulated drive currents. [4] This technique has a greater 
sensitivity than conventional transmission measurements, in much the same 
way that PR is more sensitive than conventional R measurements (in the 
context of semiconductor band structures). Therefore, wavelength modula- 
tion spectroscopy is very useful for detecting small `trace gas' concentrations. 
Together, these qualities make VCSELs a simple, cost effective solution for 
a variety of gas-sensing applications. [5,6] 
We begin our characterisation of the current VCSEL by conducting pre- 
liminary R measurements on the unprocessed wafer. Then, in order to deter- 
mine the energies of the important quantum well (QW) transitions at room 
temperature, we measure the angle dependent PR. Finally, we investigate 
the temperature dependent PR in order to determine the temperature at 
which the material gain peak and CM wavelength coincide. This property 
is of most interest here since the present VCSEL is designed to operate at 
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elevated temperatures. 
3.2 Sample details 
The structure of the present VCSEL is similar in design to the example 
shown in figure 1.3 on page 6. It is entirely Al Ga1_xAs based, grown on 
a GaAs substrate by molecular beam epitaxy. It was grown at the Opto- 
electronics Research Centre, part of the Tampere University of Technology 
in Finland. The distributed Bragg reflectors (DBRs) consist of 46.6 nm 
thick high-refractive index (n) layers of Alo. 386Ga0.614As and 51.3 nm low-n 
layers of Alo. 9o1Ga0.099As. In order to reduce the series resistance of an op- 
erational VCSEL (caused by conduction and valence band discontinuities) 
the DBR pair layers are separated by thin (10 nm) `intermediate layers' of 
Alo. 67Gao. 33As (not shown in figure 1.3). The upper DBR contains 36 repeats 
of this periodic structure and is terminated by a GaAs cap layer to prevent 
oxidation of the layers high in aluminium content. The lower DBR contains 
46 periods. The Fabry-Perot cavity layer of the VCSEL is made from the 
high-n Alo. ss6Gao. 614As material and is nominally 216 nm thick. The optical 
thickness of the cavity, which is dependent on n, is designed to be -760 nm 
at the desired operational temperature. Since the cavity is of a higher refrac- 
tive index than the surrounding DBR layers the optical cavity mode must 
exhibit anti-nodes at the cavity interfaces. This fulfills the requirement that 
reflected waves must undergo a ir phase shift at the boundary when traveling 
from a low to a high impedance region. The cavity mode also exhibits a 
maximum intensity anti-node at the centre of the cavity and has )QCM = nd, 
where d is the cavity layer thickness (216 nm). Such a cavity is known as a 
`A'-cavity and the corresponding mode has an order (m) of two (the m=1 
mode exhibits a node at the cavity centre). To ensure that the material 
gain of the VCSEL coincides spatially with the maximum optical field inten- 
sity of the CM, the cavity contains three, 8nm A1o. 154Gaa. 846As QWs at its 
centre-separated by 6nm Alo. ss6Ga0.614As barriers. 
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3.3 Normal incidence, room temperature reflectance 
measurements 
Figure 3.2 shows the room temperature, normal incidence R spectrum of 
the VCSEL wafer. The high-reflectance stop-band can be seen to extend 
for over 40 nm, from around 734 to 778 nm. A sharp feature associated 
with the CM can be seen at -756 nm, close to the centre of the stop-band. 
Figure 3.3 shows the R spectrum in the region of the CM feature. In order to 
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Figure 3.2: Normal incidence, room temperature normalised 
reflectance spectrum of the 760 nm VCSEL wafer. 
maintain a suitable signal to noise ratio in this measurement the slit widths 
of the spectrometer were set to 75 pm, which corresponds to an instrumental 
resolution of 0.23 nm. The disadvantage of this is that the CM feature is not 
quite fully resolved. It is clear from figure 3.3, however, that the CM is of 
a very high quality, with a measured full-width at half-maximum (FWHM)' 
of just 0.3 nm. The CM wavelength, taken from where R is a minimum, 
can be seen to be 755.75 nm. In order to determine the true, fully-resolved 
FWIIM of the CM feature, we measure R using decreasing slit widths to 
'in the case of the CM dip in R the FWHM refers to the full width at half the depth, 
where the depth = R. Qx - R,;,, (Figure 3.3) 
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Figure 3.3: Normalised, room temperature reflectance 
spectrum of the 760 nm VCSEL wafer at normal incidence 
in the region of the cavity mode feature. 
observe the effect of the instrumental resolution. Figure 3.4 shows the results 
of this study, clearly showing that as the slit widths are reduced and the 
instrumental resolution is improved, the measured CM FWHM decreases. 
However, for slit widths below 40 µm (instrumental resolution better than 
0.12 nm) the measured FWHM remains approximately constant, indicating 
that the CM feature is fully resolved here. This gives us a true CM FWHM 
of just 0.19 nm. Although this is slightly larger than the splitting between 
some of the absorption lines shown in figure 3.1 (typically -0.1 nm) it is low 
enough to resolve sufficient detail within the oxygen `A-band'. 
The quality of any resonator, such as the Fabry-Perot cavity of this VC- 
SEL, can be parameterised by a quantity known as finesse (F), since it is 
directly related to the temporal storage of energy within a resonator. The 
finesse is defined as being the free spectral range divided by the FWHM of 
a resonance. In terms of the mt1` order resonance in an optical cavity this 
can be expressed as F= AcM/mI'cM (for Peat « AcM), where ACM is the 
CM wavelength and rcM is the FWHM. Both values are obtained from the 
R measurements for our current VCSEL and as explained in section 3.2, m 
equals two. Using our measured values, this relationship gives us F -- 2000. 
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Figure 3.4: Dependence of the measured full width at half max- 
imum (FWIIM) of the cavity mode reflectance feature on the 
spectrometer slit widths (instrumental resolution) used. Measure- 
ments were conducted at normal incidence, at room temperature. 
In order to compare this value to that of other types of resonators it is neces- 
sary to account for the penetration of the optical cavity mode into the DBR 
layers. This results from the relatively small refractive index differences be- 
tween the DBR layers (nH - nL) and the effect is included by defining an 
effective finesse Fe f f: [7] 
AcM 
(3.1) ( 
nH-nL 
fiere nH and nL are the high and low refractive indexes of the DBR layers 
respectively, where the cavity material also has n= nH. Using data obtained 
from ellipsometry measurements on AlGaAs we find approximate values of 
nil = 3.40 and nL = 3.11 (at -755 nm) for this sample. [8] Equation 3.1 
then gives us a value of Fe ff= 320 (a factor of -6 times smaller than 
F). This value is not particularly high when compared to certain other 
resonator types; for example, lead-salt based mid-infrared microcavities have 
demonstrated Fe ff- 1100. [9] Such high finesses are possible in lead-salt 
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structures due to the large refractive index differences available in the DBR 
materials. However, in III-V VCSELs, lower F values are more typical: 
Ref. [10] quotes a `high' Q-factor of 460 in a 400 nm InGaN VCSEL, where 
the Q-factor is related to the finesse by Q= Fm. Since their VCSEL has 
a 4-A cavity the mode order (m) is eight and this gives a finesse of -60. 
Although the authors do not calculate a value for Fe f f, we can estimate 
it here by obtaining the approximate DBR material (Si02/ZrO2) refractive 
indexes from ref. [11] This gives a value of Fe ff -45, and this reportedly `high' 
finesse is approximately seven times less than the value of the current 760 nm 
VCSEL, highlighting the superior optical quality of our sample. Our group 
has not previously conducted PR studies on such a high-finesse VCSEL and 
the effects of the CM sharpness on the PR measurements will be examined 
in detail later. 
Although our measurements show that the present VCSEL has a very 
high-finesse cavity it is clear from Fig. 3.2 that the sample does not exhibit 
the usual flat-topped R stop band. Since the sample demonstrates such a 
high-quality CM it is unlikely that the spoiled stop-band is caused by a 
poorly designed cavity layer or DBRs. Therefore, in order to understand the 
origin of this unusual broad dip profile we focussed on the effect of the pro- 
tective GaAs cap layer which was grown on top of the upper DBR. In order 
to do this we simulated R for the VCSEL using the technique described in 
section 2.3. The wavelength dependent dielectric functions of the materials 
in the structure required for the simulations were taken from ellipsometry 
measurements. [8] Figure 3.5 shows the simulated reflectance at room tem- 
perature and normal incidence, both including and excluding a GaAs cap 
layer. It is immediately clear from this that the GaAs cap is indeed the 
cause of the spoiled stop band-a comparison of the measured R spectrum 
with the simulated R spectrum (including cap layer) shows a similar broad 
dip profile across the stop band. To determine the mechanism by which the 
layer causes this effect we made adjustments to the cap layer thickness in 
our simulations, and this resulted in dramatic changes to the profile of the 
stop band. This indicates that the effect is caused by strong interference 
within the cap layer, which by unfortunate happenstance, has a thickness 
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Figure 3.5: Simulated normal incidence, room temperature re- 
flectance for the current, VCSEL, excluding (solid curve) and in- 
cluding (clashed curve) a GaAs cap layer. The measured reflec- 
tancc (solid symbols) of Fig. 3.2 has been scaled vertically to fit 
on the displayed scale. 
of ' ALAI/4n. We also observe that when the absorption of the GaAs cap 
is artificially `switched off' in our simulations the layer ceases to have any 
noticeable effect on the reflectance-indicating that the broad dip is caused 
by absorption of interfered light within the cap layer. 
Although the cap layer has a notable effect on the stop band profile of 
the current VCSEL wafer our measurements show that the CM feature is rel- 
atively unaffected. Therefore, in order to protect the sample from oxidation 
(which would have a detrimental affect on the optical quality of the sample) 
we left the cap layer on during our experimental investigations. 
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3.4 Room temperature, angle dependent PR measure- 
ments 
3.4.1 Theoretical background 
As mentioned in section 3.2 the CM wavelength of the current VCSEL is 
designed to be -760 nm (1.63 eV) at the desired operational temperature of 
the device. This property depends on both the refractive index of the cavity 
(n) and the physical thickness of the cavity layer (d). When studying the 
reflectance of a VCSEL it is possible to blue-shift the CM wavelength O( ýf) 
by increasing the angle of incidence (0) away from the normal. [12] This is 
caused by the angular dependence of the optical path difference (OPD) taken 
by light reflected from the first and second interfaces of the cavity layer, as 
demonstrated in figure 3.6. Here we ignore the presence of the QWs and 
rref2y -X 
Figure 3.6: A simple Fabry-Perot structure of thickness d 
and refractive index ne ff detailing the multiple reflection that 
leads to the cavity mode feature in the reflectance spectrum of 
a VCSEL. 
approximate the cavity in our VCSEL as being a simple Fabry-Perot cavity 
with an effective refractive index of sae ff. The CM feature seen in the R 
spectrum of a VCSEL (see Fig. 3.2) is caused by the destructive interference 
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of the reflected light and occurs at wavelengths for which the OPD = mA, 2 
where m, an integer, is the mode order as mentioned previously. Making the 
approximation that ne ff#n, f f(A), analysis of Fig. 3.6 gives us a relationship 
for the angle-dependent CM wavelength, ACM(O), where ACM(0°) = 2nd/m 
is the CM wavelength at normal incidence and m=2 for the current VC- 
SEL: [12] 
2 
r(6) 
(3.2) ACM (e) = ACM (00) 1- 
sint2 
eff 
Using this angle dependence it is possible to tune the CM wavelength of a 
VCSEL towards that of a QW transition by increasing the angle of incidence, 
provided that the QW transition occurs at a shorter wavelength than the CM 
(by no more than -20 nm or so). This is a typical condition in VCSELs since 
during operation they well heat up, causing the QW transition to increase 
in wavelength. Therefore, it is often possible to tune the CM of a VCSEL to 
the QW emission by mounting it on a turntable and increasing the angle of 
incidence. This simple, non-destructive technique has been used previously 
with success for other VCSELs and related structures. [12,13,141 
In this work we study the PR as a function of angle of incidence as a 
way of determining the nature of the various observed PR features, since the 
CM feature will move with 0 (Eq. 3.2) while any QW transitions will remain 
static. This will enable us to characterise the room temperature properties 
of the VCSEL wafer before beginning the important temperature dependent 
studies. 
3.4.2 Results and discussion 
Figure 3.7 shows the room temperature, angle dependent PR of the VCSEL 
wafer for a selection of the angles measured. Here we have plotted the results 
as a function of energy, rather than wavelength, where E= hc/A (E (eV) 
1239.84/A (nm)). The overall range of angles studied was 9= 22.5° - 80°, 
with measurements spaced every 2.5°. They were conducted using a low 
'Destructive interference occurs when the OPD is equal to an integer number of wave- 
lengths since one of the waves undergoes a it phase shift on reflection at the first interface. 
57 
3. Photomodulated reflectance of a 760 nm vertical-cavity surface-emitting laser 
instrumental resolution of N4 meV (achieved with spectrometer slit widths 
of 500 µm). Although this means that we do not fully resolve the detail 
of the PR lineshapes in the vicinity of the sharp CM, the increased signal 
intensities allows us to discern any weak PR features such as those from QW 
transitions. Looking at the spectrum of the 25° measurement, three sepa- 
rate PR features are clearly visible. The largest, a symmetric peak shape at 
-1.653 eV (750 nm), is due to the VCSEL CM. The angle dependence of 
the CM energy (ECM) is indicated by the dashed line marked CM. The ECM 
values are determined from the R spectra which are recorded simultaneously 
to the modulated reflectance OR signals and these are shown in figure 3.8. 
These R spectra have been normalised to remove system response effects 
using an aluminium mirror with a known reflectance. Comparing these R 
spectra to the measurement in Fig. 3.2 it is clear that the CM feature has 
become broader and shallower as a result of the poorer instrumental resolu- 
tion. Therefore it is not possible to determine these CM energies with the 
best possible accuracy and so in section 3.6.2 we shall look specifically at 
the high resolution, angle dependent R measurements in order to carry out 
a more detailed analysis of the CM angle dependence. For now we take ECM 
to be where R is a minimum in Fig. 3.8. The other two PR features in the 
25° spectrum of Fig. 3.7 are magnified so that their lineshapes can be viewed. 
The stronger of these two features near 1.675 eV is also visible in the 60° 
spectrum and a quick comparison indicates that it remains static as 0 is in- 
creased; an indication that the feature is due to a QW transition (which will 
be unaffected by changes in 0). Magnification of the weakest feature near 
1.69 eV at other angles (not shown) indicates that it too does not move with 
0, and is therefore likely to be due to a higher energy QW transition. 
Calculating the modulus of the 25° PR spectrum as described in sec- 
tion 2.2.2 gives us a quick way of estimating the energies of the two static 
features. From this process we make a first estimate of their energies as 
1.675 ± 0.001 eV and 1.689 ± 0.005 eV and these energies are marked in 
Fig. 3.7 by vertical dashed lines. The larger uncertainty of the higher energy 
feature is a result of its weak signal intensity. Calculating the approximate 
energies expected for the confined states within the QWs of this sample us- 
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Figure 3.7: Example spectra of the room temperature photoniodulated 
reflectance measured as a function of angle of incidence (0) using a low 
instrumental resolution. The baselines of successive spectra are vertically 
offset for clarity. The positions of the electron to heavy-hole (eihht) and 
electron to light-hole (ellhl) ground state transitions are marked by dashed 
vertical lines. The third dashed line is a guide to the eye showing the angular 
dependence of the cavity mode (CM) energy. 
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Figure 3.8: Normalised, room temperature, low resolution 
reflectance spectra of the 760 um VCSEL recorded simulta- 
neously to the measurements of Fig. 3.7. Successive spectra 
are vertically offset for clarity. The cavity mode energies are 
marked by the dashed line. 
ing the methods discussed in section 2.1.3 and appendix A and material 
parameters from the review of Vurgaftman et at. [15] suggests that the two 
features are due to electron to heavy-hole (elbbi), and electron to light-hole 
(ellhl) ground-state transitions. The lowest energy e1hh1 transition is the 
most important here since in an operational VCSEL lasing will occur via 
this transition. Therefore we are interested in the energy separation between 
the CM and the e1hh1 transition (i. e. the gain-cavity de-tuning), which is 
22 meV at 0= 25°. For simplicity we shall refer to the e1hh1 transition 
energy as F, QW. Note: the peak in the gain curve will actually occur at a 
slightly higher energy than the QW transition energy so strictly speaking the 
separation between the CM and the e1hh1 energy is not precisely equal to 
the gain-cavity de-tuning. 
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As 0 is increased it is clear from Fig. 3.7 that the form of the PR lineshape 
changes as the CM is blue-shifted towards the QW transitions. At 25° the CM 
feature is a simple peak shape, clearly separated from the two QW features. 
However, as the angle is increased and the CM is tuned towards the e1hh1 
transition the two PR features begin to interact and the lineshape becomes 
more complex as a result. When 0= 55° for example, ECM is in between 
the two QW features and this yields a very complex spectrum; a result of 
the coupling of all three PR features. Such a lineshape is too complex for a 
simple analysis and the only way of determining the three energies here would 
be to fit the spectra with the VCSEL PR model described in section 2.2.4 
(Eq. 2.18, p. 37). This was attempted for this sample. However we were 
unable to achieve satisfactory fits for many of the recorded spectra. One 
of the possible reasons for this may be that we are not fully resolving the 
CM feature and as a result the PR lineshapes are likely to exhibit some 
convoluted form, not accounted for by the fitting model. A more interesting 
possible reason for the failure of the model can be found by examining the 
form of the lineshape at 0= 45° in Fig. 3.7. This spectrum exhibits a total 
of four lobes: such a shape, in particular the two outer side-lobes, cannot 
be generated with the existing PR lineshape model. This suggests that the 
model is not suitable for this VCSEL and requires some modification in 
order to reproduce such a PR lineshape. We shall return to this problem 
in chapter 5 where we conduct a detailed study of the simulated Seraphin 
coefficients of a high-quality VCSEL similar to the current sample in order 
to determine why the currently accepted model is unable to fit our measured 
spectra. 
Fortunately, despite the failure of the VCSEL PR model to fit the 6 
dependent spectra shown in Fig. 3.7, it is still possible to infer when ECM = 
EQW. As explained, we can obtain EcM (0) directly from the R measurements 
and compare its value at a given angle to the approximate position of EQW 
as determined from the PR modulus spectrum. We can see from the dashed 
lines in Fig. 3.7 that ECM . -- EQW when 0= 45°. Figure 3.9 shows the 
0= 45° reflectance spectrum in the region of the CM, showing a minimum 
corresponding to the CM at ECM = 1.678 ± 0.001 eV. The approximate 
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EQW value is also shown with the associated uncertainty indicated by the 
horizonal error bars. From this figure the close proximity of EG hl and EQW 
can be appreciated. 
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Figure 3.9: Normalised, room temperature reflectance of the 
760 nm VCSEL wafer in the vicinity of the cavity mode en- 
ergy (ECM) at an angle of incidence of 45°. The energy of 
the electron to heavy-hole ground-state quantum well transi- 
tion (EQw) is also shown. Horizontal error bars indicate the 
uncertainties of the two quantities. 
We can also attempt to utilise existing theory regarding the symmetry of 
VCSEL PR lineshapes to infer when the VCSEL is tuned. As the CM moves 
closer to the e1hh1 feature in Fig. 3.7 the symmetry of the PR lineshape 
begins to change. Most importantly we see from the 0= 45° measurement 
that the lineshape becomes almost perfectly anti-symmetric, centred about 
ECM regardless of the extra outer lobes mentioned earlier. It was shown by 
Ghosh et al. [16] (see section 2.2.4) that for VCSELs demonstrating a QW 
PR feature broader than the CM feature the overall PR lineshape becomes 
anti-symmetric when the CM and QW features are tuned to the same en- 
ergy. From Fig. 3.4 we see that the present VCSEL has a fully resolved CM 
FWHM (Fcnj) of just 0.19 nm (0.4 meV). From the magnified feature in 
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the 25° PR spectrum of Fig. 3.7 FQW can be seen to be X10 meV (5 nm). 
Thus 1 '(,, Al is -25 tunes smaller than FQW. Therefore, since FCM < FQW, 
we can be reasonably confident that the observation of an anti-symmetric 
PR lineshape is an indication that the VCSEL is `tuned' with EcAl = EQW. 
A simple method for quantifying the symmetry of a PR lineshape, which 
does not, require fitting it with an appropriate lineshape function, may be 
obtained by defining the symmetry as PR71zax j- IPR,,,, in l, which gives zero 
for an anti-symmetric shape. Figure 3.10 shows the evolution of this approx- 
irnate symmetry parameter with 0 for our measured PR spectra in Fig 3.7. 
It can be seen from this that the symmetry crosses through zero at an angle 
1.5 
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0 
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0 
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Figure 3.10: Angular dependence of the symmetry of the 
PR lineshapes of the 760 nm VCSEL wafer in the vicin- 
ity of the cavity mode. The symmetry is defined as being 
I PR,,,,,, I- IPR, i,, 1, resulting in a value of zero for an anti- 
symmetric form. 
of 9= 47.0 ± 0.5°, indicating that this is the angle at which the CM is tuned 
to the cihüi transition. At this angle of incidence we estimate ECM to be 
1.6805 f 0.0009 eV (737.8 nm) by appropriate interpolation of the R mea- 
surements in Fig. 3.8. Therefore, we can state that the energy of the e1hh1 
transition at room temperature is 1.6805+0.0009 eV. This, more carefully de- 
termined value is -5 meV higher than the initial estimate of 1.675±0.001 eV, 
63 
3. Photomodulated reflectance of a 760 nm vertical-cavity surface-emitting laver 
determined from Fig. 3.7. At higher angles the symmetry parameter crosses 
again through zero in Fig. 3.10, at 59 ± 1°. Looking at the 0= 60° spectrum 
in Fig. 3.7 this second occurrence of an approximately anti-symmetric line- 
shape can be seen. At this angle, we find ECjIf = 1.696 ± 0.002 eV (731 nm), 
which suggests that this is the energy of the ellhl transition. This is some 
N7 meV higher than the initial estimate of 1.689 ± 0.005 eV determined 
from Fig. 3.7. 
3.5 High resolution, temperature dependent PR mea- 
surements at normal incidence 
3.5.1 Theoretical background 
As mentioned previously the current VCSEL is designed to operate at ele- 
vated temperatures, making it suitable for use in environments such as the 
exhaust systems of automotive combustion engines. Therefore, in order to 
characterise the suitability of the wafer for such an application without pro- 
cessing it into a working device, we study the gain-cavity de-tuning here 
using PR as a function of temperature. 
In the case of III-V semiconductor alloys such as Al Ga1_xAs, the funda- 
mental band gap of the material decreases as the temperature is increased. 
Therefore, heating a VCSEL will increase the wavelength of its QW emission. 
Increasing the temperature will also have an effect on the refractive index (n) 
of the materials within the structure. This is most important in the cavity 
layer since its optical thickness determines the CM wavelength (ACM = nd). 
The cavity will also expand slightly and this will also have some effect on 
ACM. Equation 3.3 describes the temperature dependence expected for the 
CM wavelength, [17] where the partial differentials are obtained from the 
relationship ACM = nd (see discussion after Fig. 3.6). 
I ACM ai1CM On t9ACM Ad (3.3) 
AT an AT + ad AT 
On/OT is the refractive index thermal coefficient of the cavity material, 
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which is ý-- 2. Gx10'4 °C-1 for Alo. 386Ga0.614As [18] and 2d/OT is the ther- 
mal expansion coefficient of the cavity-approximately 3.4x10-6 nm °C-1. [19] 
Using these values here we obtain an approximate value for (OJcM/OT) of 
0.6 nm °C-1. The effect on . cAf caused by the thermal expansion (Ad/AT) 
of the cavity is much less significant than that of the thermal coefficient 
of the refractive index, accounting for less than 0.1% of the total change. 
Therefore, it is acceptable to neglect it here. Since all these quantities are 
positive, the result is that AcM, like Acw, will increase as the temperature is 
increased with the rate (ACMA/OT) tending to be around four times slower 
than (LgwA/OT). VCSELs are often designed with their CM at a slightly 
longer wavelength (lower energy) than the QW gain peak so that the two 
can become tuned as the device active region heats up during operation. [21] 
Therefore, temperature dependent PR is a very useful, non-destructive char-_ 
acterisation technique for analysing the gain-cavity detuning in VCSELs since 
it exploits this property, inherent in sample design. [20] It essentially allows 
us to simulate the effects of a high carrier concentration in the `hot' cavity 
of an operational device by way of heating a `cold' un-pumped cavity of a 
VCSEL wafer. 
3.5.2 Results and discussion 
fiere we present the normal incidence, temperature dependent PR measure- 
ments of the VCSEL wafer. We mounted the sample (in air) on a simple 
heater using heat conductive paste, allowing us to heat it from room temper- 
ature up to - 200 °C. The temperature was controlled using an ice junction 
thermocouple sensor connected to a calibrated temperature controller. Fig- 
ure 3.11 shows the PR spectra for a selection of the temperatures studied. 
The measurements were conducted using the highest possible instrumental 
resolution (limited by the signal to noise ratio) so as to observe the effect 
of the fully resolved high-finesse CM on the lineshape of the measured PR. 
One such effect, which can be immediately seen from Fig. 3.11, is on the 
magnitude of the PR signals. The largest PR signal measured in this study 
is LR/R N 2x10-2 at 95 °C and this represents aN 2% change in the 
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Figure 3.11: Normal incidence photomodulated reflectance spectra of the 
VCSEL wafer shown for a selection of measured temperatures. The baselines 
of successive spectra are vertically offset by 3x 10-2 units for clarity. The 
dashed lines are guides for the eye showing the position of the cavity mode 
(CM) and electron to heavy-hole ground-state quantum well transition (el hh1) 
energies. 
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sample's reflectance, which is an exceptionally large PR signal. In compari- 
son, the largest PR signal seen in the low-resolution, angle-dependent study 
(Fig. 3.7) is AR/R - 2x10'3 (- 0.2%); an order of magnitude lower. At 
a first glance this increased signal intensity seems counterintuitive since the 
absolute magnitude of R will be reduced with increased instrumental res- 
olution due to the reduction in the spectrometer slit widths. However, we 
can explain the effect in terms of the convolution of a PR lineshape near 
the CM caused by using a low resolution, highlighting the significance of the 
VCSEL Seraphin coefficients on the overall PR lineshape. Consider a sharp, 
simple PR feature from the CM such as that seen near 1.64 eV in Fig. 3.11 
at T= 30°C. If such a feature is measured again, using a lower instrumental 
resolution, its form will change. This effect can be written mathematically 
as a convolution of the fully resolved lineshape with a lineshape function G, 
which represents the throughput of the spectrometer slits: 
PR(: 0 re, )(E') = 
PR(high 
res) *G=1 PR(high re')(E)G(E' - E)dE (3.4) 
Isere PR(h; 9h res) is the fully resolved, sharp PR lineshape and the resulting 
convoluted lineshape is PR((,,,,, rca). The function G, which represents the 
wavelength dispersion across the spectrometer slits, is of a form that returns 
a convoluted lineshape with the same integrated area as the fully resolved 
lineshape. An appropriate form for G is a standard distribution function: 
exp(-2((E- E)IIinst. )2 G_ (3.5) 
27Crinst. 
Here, I';,, t. is related to the instrumental resolution of the spectrometer. 
In order to demonstrate the effect of this convolution we approximate the 
fully resolved PR lineshape using a Lorentzian peak since this is the form 
used for the p Seraphin coefficient in the existing PR VCSEL lineshape 
model (Eq. 2.18, p. 37)-this is similar to the observed PR lineshape near 
the CM in the measurement at room temperature and normal incidence for 
example (Fig. 3.11). This generated lineshape is shown by the solid curve 
in figure 3.12. In order to perform the convolution of the two functions we 
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Figure 3.12: Approximation of a measured VCSEL cavity mode PR 
lineshape using a Lorentzian peak with a FWHM of 1 meV (solid curve). 
The dashed curve shows the resulting lineshape arising from the convo- 
lution of the simulated PR with a Gaussian function (PR * G). The 
F17L8 value used (2 meV) corresponds to the instrumental resolution of 
the low resolution 0 dependent studies of the previous section. 
numerically calculate the integral in Eq. 3.4 using Simpson's rule. [22] The 
result of this is shown by the dashed curve in Fig. 3.12. It is clear from 
this that convolution has made the original feature broader by a factor of 
approximately five times and also around four times weaker (the integrated 
area is the same for both). 
The disadvantage of using the high resolution (narrow spectrometer slit 
widths) is the associated reduced signal-to-noise level from the QW transi- 
tions and here we are only able to observe one QW PR feature- the c1hhl 
transition. The weaker ellhl transition seen in Fig. 3.7 is not detected and we 
presume it is lost in the noise. The PR feature from this transition may also 
be weakened due to the normal incidence of the probe light (i. e. rays travel- 
ling along the growth direction of the VCSEL, z). This is because light-hole 
states are predominantly z-like in character [23] and an electromagnetic wave 
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only has electric field components perpendicular to its direction of travel. The 
cIIth., feature has been magnified at temperatures where it is well separated 
from the CM so that it can he clearly seen in figure 3.11. 
The temperature variation of the CM energy is marked by one of the 
dashed lines in Fig. 3.11 with the values taken from the simultaneously mea- 
sured I? spectra, which are shown in figure 3.13. Focussing on these spec- 
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Figure 3.13: Temperature dependence of the normal incidence reflec- 
tance of the 760 nm VCSEL wafer in the region of the cavity mode 
energy. Successive spectra are vertically offset for clarity. The dashed 
lines are guides to the eye indicating the approximate positions of the 
cavity mode energy (EChl) and quantum well energy (EQW). The cor- 
responding PR spectra are shown in Fig. 3.11. 
tra for a moment we notice that near the CM the form of R changes with 
temperature; in particular the CM feature clearly broadens with increasing 
temperature. We shall look at this effect in detail in section 3.6. 
The second dashed line in Fig. 3.11 marks the approximate variation of 
the clhhl energy, EQW. (Note, the sudden apparent changes in the gradi- 
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ent of this line are a result of the different temperature steps between the 
displayed spectra, which are successively vertically offset). Figure 3.14 de- 
tails the temperature variation of these two features. For this, f; QW was 
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Figure 3.14: Temperature variation of the cavity mode (CM) energy 
of the VCSEL wafer, determined from reflectance spectra (Fig. 3.13), 
and the electron to heavy-hole ground-state (elhhl) quantum well tran- 
sition energy, obtained from the modulus of the measured PR spectra of 
Fig. 3.11. The linear fits to the data show that the two energies become 
equal at 1.631 + 0.002eV, when T= 111 f 5°C. 
obtained by calculating the modulus of the PR spectra as explained in 
section 2.2.2 (Eq. 2.15, p. 31). This method is only useful when the CM 
and QW features are well separated so that a discernible peak at EQW 
can be seen in the modulus spectrum. Consequently, there are no val- 
ues for EQW in Fig. 3.14 for 75 <T< 160 °C because in this temper- 
ature region the e1hh1 transition energy is too close to the CM for the 
modulus method to be reliable. However, we can interpolate between this 
region in Fig. 3.14 in order to find when EQW -- ECM because in this 
temperature region EQW appears to vary linearly: the main process for 
this is the reduction of the band gap of the QW material with tempera- 
ture, as mentioned previously. Such a behaviour can be modelled by the 
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Varshni [24] or Bose-Einstein [25] relationships, both of which tend to a 
- linear regime above room temperature. Linearly interpolating both the 
CM and QW energies in Fig. 3.14, we find that the two features cross at 
a temperature of T= 111 ± 5°C, when EQW = ECM = 1.631 ± 0.002 eV. 
The interpolation also shows that the e1hh1 QW feature moves nearly five 
times faster than the CM, with LEIM/OT = -0.11 ± 0.01 meV °C-1 and 
AEQw/OT = -0.50 ± 0.01 meV °C-1. A calculation of the expected value 
for (AEQw/ET) using the Varshni coefficients for Alo. 386Gao. 614As [15] gives 
the range -0.46 meV °C-1 to - 0.52 meV °C-1 for the temperature region 
studied here. The average of this value, -0.49 meV °C-1, is equal to (within 
error) the above measured value of -0.50 meV °C-1. We find a similar close 
agreement for our measured value of DEEM/OT = -0.11 ± 0.01 meV °C-1: 
the earlier estimate of L ACM/OT = 0.6 nm °C-1 using Eq. 3.3 is equivalent 
to -0.13 meV °C-1. 
Returning to Fig. 3.11 we can see the effect on the measured PR line- 
shape as the QW red-shifts at the faster rate than that of the CM. At low 
temperatures (T < 70 °C) the e1hh1 transition is de-tuned enough from the 
CM feature that the CM PR feature appears as a simple, symmetric peak 
at EcAf. However, the spectrum at 70 °C shows the beginning of some in- 
teraction between the two features, even though they are still separated by 
-15 meV. The next spectrum shown in Fig. 3.11 at 85 °C shows a completely 
different lineshape, indicating that an extensive interaction between the two 
features occurs between 70 and 85 °C. Figure 3.15 shows the PR spectra for 
all the temperatures measured in the range 70 - 90 °C. The CM energy is 
marked by the dashed line, but the QW energy ranges from 1.651 - 1.641 eV 
in this temperature region (Fig. 3.14), outside the energy scale of the figure. 
The figure shows how the lineshape evolves smoothly, completely changing 
form over this relatively small temperature range. Such a rapid change in 
lineshape is believed to be due to the sharpness of the CM feature in this 
VCSEL. 
As the temperature is increased beyond 90 °C and the QW is tuned closer 
towards Ecj i the lineshape continues to evolve and from Fig. 3.11 it can be 
seen to become N anti-symmetric when T= 115 °C. This is close to the 
71 
3. Photomodulatcd reflectance of a 760 uni vertical-cavity surface-cmittiig laser 
6.5 
5.5 
ci 
O 
4.5 
3.5 
UN 
v 
2.5 
cd 
-p3 
E 
O 1.5 
0.5 
_n 5 
º 
º 90 °C 
º 
º 
º 
º 
95 °C 
º 
º 
80°C 
75 °C 
jtT=7ý 
°C 
º Ecm 
1.628 1.63 1.63 2 1.634 1.636 1.638 1.64 
Energy (eV) 
Figure 3.15: Normal incidence PR spectra of the VCSEL wafer 
for the 70 - 90°C temperature range. The baselines of successive 
spectra are vertically offset for clarity. The dashed line indicates 
the position of the cavity mode (CM). The QW ground state tran- 
sition lies beyond 1.64 eV in this temperature range. 
temperature at which the linear interpolation shown in Fig. 3.14 indicates 
that ECM -- EQW (111 +5 °C). This agreement again suggests that the 
lineshape becomes anti-symmetric when the VCSEL is tuned, as predicted 
by theory. [161 As T increases above 115 °C the symmetry of the lineshape 
evolves further still as the QW is tuned to lower energies than the CM. 
Eventually, the QW PR feature can again be observed separately from the 
CM feature and this is shown, magnified in the 160 °C spectrum of Fig. 3.11. 
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In order to determine the precise temperature at which the PR becomes 
perfectly anti-symmetric it is necessary to quantify the symmetry as was 
done for the 0 dependent measurements (Fig. 3.10). For these more precise, 
well-resolved measurements, we study the symmetry by fitting the spectra 
with a suitable empirical function containing a phase parameter. The exist- 
ing VCSEL PR lineshape model (Eq. 2.18, p. 37) would be ideal since this 
also yields values for EcAi and EQW as well as the widths I'cr1 and rQW. 
Although we were unable to fit this model to the low resolution, 0 dependent 
PR of this sample we attempted to fit the high resolution spectra in Fig. 3.11 
in the hope that the reason for the model's failure was solely the convolu- 
tion of the PR caused by the low resolution (see for example the convoluted 
lineshape in Fig. 3.12). Unfortunately, however, this was not the case and 
we were again unable to achieve satisfactory fits to our high resolution, tem- 
perature dependent PR . This again suggests that the model requires some 
alteration as it is unable to reproduce the intricate lineshapes seen for this 
VCSEL. We return to this problem in chapter 5. 
Fortunately, the PR lineshape simplifies greatly near 115 °C allowing us 
to fit the spectra over a small range of temperatures (110 - 120 °C) with 
a simple, single fitting function in order to parameterise the symmetry. We 
use a TDFF lineshape (Eq. 2.14, p. 30) here since it contains a suitable 
phase parameter. [26] Figure 3.16 shows the fitted PR spectra for this small 
range of temperatures. The fits obtained are of a reasonably good quality, 
considering that we are empirically describing each lineshape with a single 
TDFF. Figure 3.17 shows the resulting temperature variation of the phase 
parameter from the fits shown in Fig. 3.16. For this particular TDFF model a 
phase value of 270° represents a perfectly anti-symmetric lineshape. A linear 
fit of the temperature variation of the phase parameter reveals that the phase 
value becomes 270° at a temperature of 113.5 ± 0.5 °C, indicating that this 
is the precise condition for which the VCSEL is tuned with ECM = Eqw" 
The energy parameter of the closest fit to this temperature (at 114 °C) is 
1.6298 ± 0.0002 eV (760.7 ± 0.1 nm). Due to the effects of current heating 
and band filling within the active region, a VCSEL processed from the wafer 
studied here would be tuned at a lower ambient temperature, depending 
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Figure 3.16: Normal incidence photomodulated reflectance 
of the VCSEL wafer for temperatures where ECM - EQW 
(filled symbols). Successive spectra are offset for clarity. The 
solid curves show the fitted lincshape functions as explained in 
the text. 
on the level of current applied and the mode of operation (ie continuous or 
pulsed wave operation). For example, the active region of a VCSEL studied 
in Ref. [21] was found to heat up by 14.5 K/mA under continuous wave 
operation. 
Finding that the VCSEL wafer is tuned at « 115 °C indicates that a 
processed device would be suitable for operation in high temperature en- 
vironments as desired. Also, the tuned wavelength value of 760.7 nm is 
appropriate for applications of oxygen gas sensing (Fig. 3.1). 
In chapter 4 we will look at the carrier recombination mechanisms in 
760 nm edge-emitting laser structures with very similar active regions to 
the VCSEL studied here. This will allow us to assess the suitability of the 
Al:, Gal_, As material system for operation in elevated temperatures of T- 
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Figure 3.17: Temperature variation of the phase parameter 
of the fits shown in Fig. 3.16. For the model used here, a 
phase of 270° corresponds to a perfectly anti-symmetric line- 
shape and the linear fit (solid line) indicates that this occurs 
at 113.5 °C. 
100 °C. 
As a final finding from these T dependent PR studies we highlight an 
effect observed in the magnitudes of the signals recorded. In previous VC- 
SEL samples that have displayed the anti-symmetry behaviour when tuned, 
the PR spectra have not tended to exhibit any noticeable associated res- 
onance in the amplitude of the PR. [16] Amplitude resonance provides an 
alternative way of determining when ECM = EQW for VCSELs in which 
I'CM > FQW. [20] Although the present VCSEL does not satisfy this particu- 
lar condition, we do see a strong amplitude resonance of the PR near the CM 
feature in Fig. 3.11. Figure 3.18 shows the variation of this amplitude with 
temperature, clearly displaying a resonance at T= 95 °C. The amplitudes 
were calculated by subtracting the maximum negative PR signal from the 
maximum positive signal. This `resonance', occurring at a different temper- 
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Figure 3.18: Temperature dependence of the amplitude 
(Magnitude of maximum positive peak minus magnitude of 
maximum negative peak) of the photomodulated reflectance 
spectra for the VCSEL wafer indicating a strong resonance at 
95 °C. 
ature to which we find ECM = EQW, is therefore misleading and should be 
ignored in terms of deciphering the level of gain-cavity de-tuning. It occurs 
as a result of the multiplicative effect between the Seraphin coefficients and 
the modulated dielectric terms, which is more significant as the CM and QW 
features come closer together. However, when the features are in very close 
proximity the forms of the lineshapes can cause a reduction in PR signal 
strength, especially if the width of the CM feature is less than that of the 
QW. This highlights the need to exercise caution when analysing VCSEL PR 
results, especially when the VCSEL PR model is unable to fit the measured 
spectra. 
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3.6 High resolution angle and temperature dependent 
reflectance measurements (The cavity mode broad- 
ening effect) 
3.6.1 Introduction 
Figure 3.13 in the previous section shows how the R spectrum for the current 
VCSEL wafer evolves with temperature. This figure was used to demonstrate 
how the CM energies were obtained at the various temperatures: we did not 
refer in detail to the shape of the CM features in the R spectra. However, 
we noticed that the R spectrum changes as the QW feature is tuned through 
the CM. In this section we pay particular attention to this interesting aspect 
of the R spectrum. In order to also study the shape of the R spectrum 
as a function of 0 we undertook specific room temperature 0 dependent R 
measurements at a much higher instrumental resolution than the initial low- 
resolution PR measurements of section 3.4 and we study these initially. 
3.6.2 High resolution, angle dependent reflectance measurements 
Our initial room temperature 0 dependent PR study of section 3.4 was con- 
ducted using a low instrumental resolution in order to discern the very weak 
ellhl QW transition PR feature. Consequently the corresponding R mea- 
surements (Fig. 3.8) are also of a low resolution and the sharp CM feature 
of this VCSEL (I'CM = 0.19 nm) is barely resolved. Therefore, in order 
to accurately study the angle dependence of the CM feature we have also 
conducted much higher resolution R measurements. Spectra for a selection 
of the measured angles are shown in figure 3.19(a). It is clear from these 
R spectra that the increased instrumental resolution has resulted in much 
clearer CM features being observable than in the low resolution spectra of 
Fig. 3.8. From these sharp CM features it is simple to obtain accurate values 
for EcAJ at energies where R is minimum. Using equation 3.2 we can fit the 
resulting 0 dependence of ECM as shown in figure 3.19(b). From the linear 
fit to 1/EEM we extract an effective refractive index for the VCSEL cavity of 
3.50±0.02. We can compare this to the refractive index of the cavity material 
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Figure 3.19: (a) High resolution, room temperature reflectance spectra of 
the VCSEL wafer for a selection of angles of incidence. (b) Variation of the 
(cavity mode energy)' with sin2(0). The fitted straight line yields an effective 
refractive index of 3.50±0.2 as per Eq. 3.2. 
(Alo. 386Gao. si4As), obtained from ellipsometry measurements. [8] Figure 3.20 
shows the associated refractive indices in the energy range through which the 
CM is tuned with 0. It is clear that the literature data for the Alass6Gao. 614As 
refractive index is somewhat lower than our value of 3.50, with the average 
value being -3.41. We find that an aluminium concentration of 28% would 
be required for a value for n of - 3.5 from the ellipsometry data [8], and 
such a difference in composition is too great to be due to uncertainties in 
the growth parameters of the sample. Such an overestimation of the cavity 
refractive index could be due to the fact that we are neglecting the pres- 
ence of the QWs within the cavity when using the model of Eq. 3.2 which 
yields only an effective refractive index of the whole cavity. However, in or- 
der to examine whether the cause is more fundamental, we have conducted 
angle dependent reflectance simulations using the transfer matrix technique 
described in section 2.3 for a simple Fabry-Perot structure in air, such as 
the one shown in Fig. 3.6. Initially we set the refractive index of the cavity 
material to an energy-independent value of 3.40 and calculated R between 
normal incidence to 0= 60°. A fit such as the one shown in Fig. 3.19(b) 
to the resulting 1/EcM values gave a fitted value of n=3.40 ± 0.01, as 
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Figure 3.20: Refractive index data for two AIGaAs concentra- 
tions taken from Ref. [8] for the energy range in which the cavity 
mode of the VCSEL is tuned with angle of incidence. The dashed 
line indicates a refractive index of 3.5, determined to be the ef- 
fective index of the VCSEL cavity from the fit in Fig. 3.19(b). 
expected. We then included some dispersion into the refractive index of the 
cavity material, so that dn/dE = 0.5 eV-1, similar to that shown in Fig. 3.20 
(the average value of n was still - 3.4). On analysing the 0 dependence of 
the CM in this more realistic situation we found a surprising result: the 
fitted effective refractive index was found to be n=3.56 ± 0.01, nearly 5% 
higher than the actual average value. These simple simulations show that 
using the model for the 0 dependence of the CM energy (Eq. 3.2) for a cav- 
ity containing a dispersive refractive index does not yield a refractive index 
close to the average value of the cavity. Therefore, we expect that Eq. 3.2, 
when applied to the 0 dependent R spectra of VCSEL structures, will yield 
misleadingly high values for the effective refractive index of the cavity due 
to the dispersion of the cavity medium. It is possible to explicitly include 
the dispersion of the refractive index (e. g. using the Cauchy relationship: 
n(E) = A+ BE2 + CE4 [27]) in Eq. 3.2. However, with this inclusion the 
simple model becomes rather complex and its application becomes more trou- 
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blesome. Therefore, we recommend that when using Eq. 3.2 to describe the 
angle dependence of a VCSEL CM, it be realised that the resulting value of 
ne ff is likely to be an overestimation of the `true' value by ti 5%. 
3.6.3 The cavity mode broadening effect 
Looking closely at the high resolution reflectance spectra of the current VC- 
SEL as a function of both angle of incidence (Fig. 3.19(a)) and temperature 
(Fig. 3.13) it is clear that the CM feature does not just shift. with the vari- 
able parameter, it also changes in shape somewhat. Here we examine this 
effect to see if there is any link with the extent of gain-cavity de-tuning in 
the VCSEL. Figure 3.21 shows a typical CM reflectance feature, highlighting 
the parameters that can be used to describe the shape. The depth of the 
CM feature is determined as being Rm. a, x - R, i,. The numerically integrated 
area can also be determined from the shape as can the FWHM, FCM. 
ECM 
IntegrateV--- 
area 
Depth = Rm. - R1, 
Energy 
Figure 3.21: Representation of the shape in the reflectance spec- 
trum caused by a VCSEL cavity mode. Three measurable quan- 
tities related to the shape are shown: the full width at half maxi- 
mum, I'CM; the integrated area; and the depth of the CM dip. 
Figure 3.22 shows the values of the three obtainable CM parameters, 
taken from the high resolution, 0 dependent R measurements (Fig. 3.19(a)). 
80 
3. Photoniodulatcd reflectance of a 760 uni vertical-cavity surfacecmitting laser 
The depth parameter shows a slight maximum when 0= 32.5°. It then 
reduces in magnitude with increasing angle, with a slight plateau around 
, 15°. The integrated area shows a similar behaviour, however, the maximum 
here appears at a slightly different angle; 0= 35.0°. Neither of these angles 
correspond to the conditions for which the VCSEL CM was tuned to QW 
transitions, as seen in the low resolution 0 dependent PR measurements of 
section 3.4 (i. e. at - 45° and - 60°). The FWHM of the CM feature 
0.9 
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0. l 
Figure 3.22: 'Measured broadening (FWHM), integrated area, 
and depth of the cavity mode reflectance feature as a function of 
angle of incidence for the VCSEL wafer. The solid curves are a 
guide to the eye through the data points. The parameters were 
measured from the reflectance spectra shown in Fig. 3.19. 
(I'cxr) shows a different behaviour. It increases steadily with increasing 
angle until - 37.5° where it sharply increases to a maximum at 0= 45°. 
It then decreases rapidly, until a second, less pronounced maximum is seen 
at around 55°. What is most interesting about this result is that these two 
angles at which P(,, tir shows peaks correspond to the angles at which the 
low resolution PR investigations of section 3.4 indicate the CM is tuned to 
QW transitions. A similar behaviour was previously observed in the angle 
dependent reflectance spectra of an 850 nm VCSEL. [28] In those results 
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however, the integrated area, not the FWHM of the CM feature showed peaks 
as the CM was tuned to three separate QW transitions. It was suggested that 
the integrated area of the CM could be directly related to the absorption of 
the QWs (aQw) present in the 850 nm VCSEL cavity. However, we believe 
that it is actually the CM broadening parameter, rem that is more closely 
related to the absorption within the cavity (which is entirely due to the QWs 
since the cavity material is non-absorbing in this energy region [8]). We 
believe this because the Q-factor of a cavity is related to the CM broadening 
by the relationship Q= ECM/I'cM, and the Q-factor is also proportional to 
the average lifetime of resonant cavity photons. [29] If a cavity contains a 
material with an energy dependent absorption profile (such as the QWs in 
the present VCSEL) then the lifetime of resonant photons within the cavity 
would also be a function of their energy. This is because a more strongly 
absorbing medium would `capture' more of the resonant photons, reducing 
the average photon lifetime. Such an effect would lead to a reduced cavity 
Q-factor, resulting in an increased CM broadening, Pct. So long as the 
FWHM of the CM in a VCSEL was not too spoilt by other effects, such as 
low-R DBRs or sample inhomogeneity, such an increased broadening could 
be discernible in the R measurements. We believe that we are observing this 
effect here. From Fig. 3.22 it can be seen that rem approximately doubles 
in width in the range 0= 22.5° - 45°. This change is even visible simply by 
looking at the CM features in Fig. 3.19(a). 
Figure 3.23(a) shows the cavity mode broadening of Fig. 3.22 plotted 
again, but now as a function of EcAI(0) (with the corresponding 0 values 
shown on the top scale). If our belief that rem oc aQW is true then this be- 
haviour is representative of the absorption spectrum of the QWs within the 
-cavity of this sample. The two peaks are consistent with excitonic QW ab- 
sorption features expected at the energies of QW transitions. Figure 3.23(b) 
shows the modulus spectrum of a normal incidence, room temperature PR 
measurement, where the energies of the two QW transitions are shown by 
dashed lines. It can be seen from this that the CM broadening goes through 
its maximum as the CM is scanned through the energy of the main peak in 
the modulus spectrum-corresponding to the energy of the e1hh1 QW tran- 
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Figure 3.23: (a) Angle dependence of the cavity mode broadening (full 
width at half maximum) seen in the reflectance of the VCSEL wafer 
plotted as a function of the cavity mode energy. The top scale shows 
the angle of incidence for each R measurement. (b) Modulus spectrum 
of a PR measurement at normal incidence and room temperature. The 
energies of two QW transitions are indicated by dashed lines. 
sition. The second, less pronounced maximum in PCM also corresponds with 
the energy of the ellhl QW transition. It is no surprise that the light-hole 
feature has a less pronounced effect on ['GM since the oscillator strength of 
this transition is considerably lower than that of the heavy-hole transition. 
Also, since the light-hole state is predominantly -L-\\ 1 
ý23\ the interaction 
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between it and a wave travelling in the z-direction (i. e. the CM) will be weak 
compared to the interaction between the CM and a heavy-hole state. 
Figure 3.24 shows a plot equivalent to Fig. 3.23(a) for the CM R feature, 
but this time for the temperature dependent R measurements (Fig. 3.13). 
Here FcAJ is plotted as a function of Ecn1(T). A distinct maximum is ob- 
served here, as in the B dependent data, at a temperature of T= 115 °C, 
when ECM(T) = 1.631 eV. Just as in the angle dependence measurements, 
this also corresponds to the condition at which the VCSEL was determined 
to have Ectir = EQW from PR measurements (section 3.5). This further sug- 
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Figure 3.24: Temperature dependence of the cavity mode broadening 
(full width at half maximum) of the reflectance cavity mode feature of 
the VCSEL wafer, plotted as a function of the cavity mode energy. The 
dashed line shows the position of the maximum at ECM = 1.631 eV, 
when T=115°C 
gests that our belief that FCM a crQW is true. Note, however, that there is a 
subtle, but important, difference between the data plotted in Fig. 3.23(a) and 
Fig. 3.24 that should be highlighted: in the 0 dependent R measurements 
of Fig. 3.23 the QW transition energies are static and thus the measured 
CM bioaaeYiýng Can be compared to the room temperature absorption spec- 
trum of the QWs. However, in the temperature (fie-pendent study (Fig. 3.24), 
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the QW transition energies, oscillator strengths and broadenings are all func- 
tions of T and thus the QW absorption spectrum will be changing. Therefore 
Fig. 3.24 is not a representation of the QW absorption at a given temper- 
ature. However, the maximum in rcm will still occur when aQW(T) is a 
maximum (i. e. at the transition energy). 
It appears from our studies of the high resolution reflectance measure- 
ments as a function of both 0 and T that we can infer when ECA1 = EQW 
simply by searching for maxima in I'CM in the R spectra. A similar method 
has been used previously in mid-infrared, high-finesse microcavities contain- 
ing PbSe quantum dot superlattices. [30] There, the broadening of various 
high-order cavity modes (separated in energy by the free-spectral range of the 
microcavity) was examined as a function of each of the various cavity mode 
energies and interpreted as being a sampling of the superlattice absorption. 
This technique is simple, since their sample had several multiple-order cavity 
mode dips within a single R spectra. However, the energy resolution of the 
absorption sampling was limited by the free spectral range of their cavity 
and thus the technique is suitable only for samples with long cavity lengths, 
such as those of mid-infrared microcavity structures. The advantage of our 
technique of varying the angle of incidence and measuring the broadening of 
a single CM feature, is that the energy resolution is dependent only upon 
the experimental setup. This allows detailed absorption profiles (such as 
Fig. 3.23(a)) to be measured in conventional short-cavity VCSELs exhibit- 
ing high-finesse cavities. We return to discuss this topic in further detail in 
chapter 5. 
3.7 Conclusions 
The low resolution, angle variation PR study of the 760 nm VCSEL wafer 
enabled us to observe features from both e1hh1 and ellhl QW transitions 
at room temperature. That study also confirmed that the PR lineshape 
becomes anti-symmetric when the CM is tuned to the e1hh1 transition at 
an angle of 45°, with \cM = AQw = 739.8 ± 0.4 nm (1.676 eV). The 
high-resolution, temperature dependent PR study (at normal incidence) has 
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shown that the VCSEL is tuned at a temperature of 113.5 ± 0.5 °C, when 
Ecm = EQW = 1.6298 ± 0.0002 eV (760.7±0.1 nm). This indicates that an 
operational VCSEL processed from the wafer tested here would be tuned at 
a high device temperature as desired. Also, the lasing wavelength, deter- 
mined by ACM, would also be at the desired 760.7 nm for oxygen sensing 
applications. 
Simulations of the angle dependent reflectance of a Fabry-Perot cavity 
have shown that the simple model used (Eq. 3.2) to obtain the effective 
refractive index (n) from plots of ECM vs sin2(9) in VCSEL samples does 
not yield correct values for n when the cavity material is dispersive. We 
comment that users of this equation should be aware that it is likely to 
overestimate n in a typical VCSEL cavity. 
The high resolution reflectance spectra of the VCSEL wafer reveal a very 
high-finesse CM. Detailed reflectance measurements of the broadening of the 
CM feature as a function of both angle of incidence and temperature have 
shown that the broadening becomes enhanced whenever ECM = EQW. Mon- 
itoring the CM broadening in conventional reflectance measurements could, 
therefore, provide an additional, non-destructive method for determining 
when VCSELs are tuned. The CM width enhancement effect is likely to 
be particularly prominent in devices with cavities of high finesse, such as the 
one studied here. 
Attempts to fit the established VCSEL PR lineshape model to the mea- 
sured spectra of the current sample have proved unsuccessful. In chapter 5 we 
return to this problem in an attempt to find a cause for this and ultimately 
improve upon the understanding of the PR of VCSEL structures. 
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4 Temperature and pressure studies of the 
carrier recombination mechanisms in 760 nm 
edge - emitting lasers 
4.1 Introduction 
In chapter 3 we conducted PR studies on a 760 nm Al Ga1_., As VCSEL 
wafer in order to investigate the gain-cavity de-tuning in the sample. From 
our temperature dependent studies we were able to establish that the cavity 
mode (CM) energy (E 1) of the VCSEL became tuned to the ground state 
quantum well (QW) transition at a temperature of - 115 °C (388 K). At 
this temperature we found that ECM, which defines the lasing energy in a 
VCSEL, was N 1.630 eV (760.6 nm). These conditions were desired for the 
760 nm VCSEL since it was designed for oxygen gas sensing applications in 
high-temperature environments. 
In order to gain more insight into how efficiently a processed VCSEL 
would operate at such a high temperature it is necessary to undertake de- 
vice studies so that the effect of the elevated temperature on the carrier 
recombination mechanisms within the device can be investigated. 
In a VCSEL, the temperature sensitivity of the threshold current (Ith) is 
dependent on both the carrier recombination mechanisms within the active 
region, and the gain-cavity de-tuning. [1,2,3] Figure 4.1 shows an example 
of the temperature-dependent behaviour of Ith, for a 665 nm VCSEL. [3] 
It can be seen that initially, as the temperature increases from 50 K, the 
threshold current of the VCSEL decreases. This is the opposing trend to 
that seen in conventional edge-emitting lasers (EELs) [4] and is a result of 
the increasing CM-QW tuning with increasing temperature, which dominates 
over the effect of the temperature dependence of the carrier recombination. 
At approximately 200 K the current reaches a minimum before it eventually 
begins to increase with temperature due to thermal effects on the carrier 
recombination. 
While analysing such a measurement is possible, a simpler approach 
would be to somehow remove the effects of the CM-QW tuning so that the 
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Figure 4.1: Typical behaviour of the temperature dependence of the threshold 
current in a VCSEL, taken from Ref. [3] 
carrier recombination within the active region can be studied independently. 
We do this here for the 760 nm VCSEL by actually studying the tempera- 
ture dependence in an edge-emitting laser (EEL) containing an essentially 
identical active region to the VCSEL. Therefore, by studying the carrier re- 
combination independently we can look at the suitability of the Al Ga1_, As 
material system for use in high temperature, - 760 nm laser applications. 
As well as studying the Al. Gaj_. As EEL here, we shall also look at 
the behaviour of the carrier recombination in an EEL containing compres- 
sively strained InyAl., Gal_,, _yAs 
(y = 13.5%, x= 23.1%) QWs with relaxed 
Alo. 33Gao, 67As barriers. This will enable us to quantify any improvements 
gained by introducing compressive strain into lasers operating near 760 nm. 
We begin here by first discussing the structural details of the EELs stud- 
ied. Then, we look at the temperature dependence of the carrier recom- 
bination within the lasers, before finally looking at how the carrier recom- 
bination mechanisms change under the application of, hydrostatic pressure. 
By measuring the devices under hydrostatic pressure it may be possible to 
gain further insight into the key factors affecting the carrier recombination 
mechanisms, and thus, the suitability of the material system. 
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4.2 Sample details and calculated band structures 
The EELs studied were supplied, along with the 760 nm VCSEL wafer, by 
the Optoelectronics Research Centre in Tampere, Finland. The 6 nm barriers 
and 92 nm waveguide layers within the all-Al Ga1_ýAs EEL are made from 
Alo. 386Gao. 614As - nominally identical to the barriers and cavity material 
within the VCSEL sample (see section 3.2, starting on page 50 for details of 
the VCSEL structure). The cladding layers are made from Alo. ss6Gao. 364As, 
an indirect semiconductor, with both the X and L points at lower energies 
than the I` point. While the EEL, like the VCSEL, contains three 8 nm 
QWs, their aluminium concentrations are slightly different: 15.4% within 
the VCSEL QWs, and 13.5% within the EEL QWs. This represents the only 
notable difference between the two active regions and such a small difference 
means that any findings in this chapter will be reasonably applicable to the 
VCSEL wafer studied in chapter 3. 
Figure 4.2 shows our calculated band lineups at 300 K for the Al,, Ga1_yAs 
EEL. The procedure we used for the calculations is described below and for 
simplicity we have ignored the effects of doping and electric fields, showing 
the bands as flat here. The band gap energies (E9) and bowing parame- 
ters used are based on the recommendations given in the review of Vurgaft- 
man et al. [5] and in Refs. [6,7] In order to determine the valence band 
offsets (VBOs) between the different materials in the structure the values 
of the average valence band energies, Ev, av = (E,,, hh + E,,, th + E,,, 30)/3 are 
required for each layer, where the subscripts hh, lh and so represent the 
heavy, light and spin split-off valence band edges respectively. Ev, a,,, values 
for binary semiconductors can be obtained from the model solid theory of 
Van de Walle [8] and a linear interpolation between the values for GaAs (- 
6.92 eV) and AlAs (-7.49 eV) leads to a value for the Al Ga1_xAs ternary 
alloy. Using this method we find that the VBO or, valence band discontinu- 
ity, between the well and barrier is 143 meV. However, it is known that such 
a crude linear interpolation of Ev, av values does not yield accurate values for 
the VBO. For example, measurements of the VBO in Alo. 5Gao. 5Aso. 04Sbo. 96 / 
Ino. 85Ga0.15Aso. 94Sbo. 06 heterojunctions, using the capacitance-voltage tech- 
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Figure 4.2: Room temperature band lineups for the Al Gal_,. As edge-emitting 
laser structure. The solid lines show the valence band (VB) and I, point conduction 
band energies and the X point conduction band energy is shown by the dashed line. 
A second solid line in the conduction band shows the L point energies (almost equal 
to I' in the barrier). The zero energy has been taken as the lowest energy point 
- the valence band energy of the cladding layer. Within the wells the calculated 
confinement energies of the ground state electron (el = 38.3 meV), heavy-hole 
(hhl = 10.1 meV) and light hole (1h1 = 24.6 meV) are shown. The conduction 
band offset ratio Qc is taken to be 68% as explained in the text. 
nique, gives a value of 150 meV, [9] while a crude linear interpolation of 
the binary Eva values [8] gives a somewhat different value of 174 meV. 
Unfortunately there is not much literature on the VBOs in Al Ga1_xAs / 
Al,;, Gal_,;, As heterostructures. However, this property has been studied in 
great detail for Al Ga1_xAs / GaAs heterostructures and it has been shown 
that the conduction band offset ratio (Q, ) has a constant value of 68% for 
x< 45%, [10] where Q,; is defined by the equation 
DE(. = Q(. AE9 (4.1) 
Here DE, is the conduction band discontinuity between the barrier and well 
and DEg = Ebarrier - 
Ew ell is the difference between the hand gaps of the 
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barrier and the well. We shall assume Qý = 68% in the Alo. 135Gaa. s65As / 
Alo. 386Gao. 614As QWs of the unstrained EEL. 
Using the methods described in section 2.1.3 and appendix A, with ef- 
fective mass and Luttinger parameters obtained from Ref. [5] we calculate 
the ground state confinement energy of an electron (el) in the wells of the 
unstrained device to be 38 meV, a result which we shall call upon later. The 
heavy-hole ground state energy (hhl) is found to be 10 meV and the light- 
hole ground state energy 1h1 = 25 meV. Accounting for the exciton binding 
energy (see section 2.1.3) we find that the resulting elhhl transition energy 
is 1.668 eV. 
The other EEL studied here contains three, 8 nm tri-metal quaternary; 
compressively strained InyAlyGal_x_yAs (y = 13.5%, x= 23.1%) QWs and 
relaxed Al0.33Ga0.67As barriers of thickness 6 nm. We study this sample 
here to investigate what advantage is gained by adding strain into the active 
region of a 760 nm EEL. Although this active region is dissimilar to that of 
the 760 nm VCSEL studied in chapter 3 it is interesting to study the effects 
of strain in these EELs here as a separate study. 
Adding aluminium to strained InGaAs QWs is a known method for in- 
creasing the band gap so that the lasing wavelength can be reduced for a given 
well width. [11] Therefore, it is possible to fabricate compressively strained 
devices which emit light near 760 nm. Although this device is not directly 
related to the VCSEL wafer studied in chapter 3, studying it will allow us 
to guage the potential benefits of developing an InGaAlAs based VCSEL for 
oxygen gas sensing. Figure 4.3 shows the band lineups for this EEL. Again 
we have used band gap parameters taken from ref. [5]. Another group has 
previously used a value of Q, = 67% for the InyAlyGal_.,, _yAs 
/ AlxGal_., As 
material system, [12] and we adopt this value here for this strained EEL. 
This gives a value of DEC = 0.185 eV since we have here Ebarrier = 1.877 eV 
and E-"11 = 1.601 eV (including the effects of strain). 
The strain in the quantum wells arises from the lattice mismatch between 
the InyAlxGal_x_, yAs wells and GaAs substrate / AlGaAs layers. GaAs has 
a lattice constant ao = 5.6533 A, whereas in the wells the value is larger at 
ao = 5.7100 A. [5] The induced strain in the QWs has a notable effect on 
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Figure 4.3: Room temperature band lineups for the edge-emitting laser con- 
taining strained In.. A1., Ga1_x_yAs quantum wells. The solid lines show the 
valence band (VB) and F point conduction band energies and the X point 
conduction band energy is shown by the dashed line. The second solid line in 
the conduction band shows the L point energies. The zero energy has been 
taken as the lowest energy point -- the valence band energy of the cladding 
layer. Within the compressively strained wells, two energy levels are marked 
corresponding to the heavy-hole (HH) and light-hole (LH) band edges, which 
are split by 64 meV due to the strain. The calculated confinement energies of 
the ground state electron (el = 39 tneV), heavy-hole (hii, l = 12 meV) and light 
hole (1h1 = 25 meV) are shown. The conduction band offset ratio Q, is taken 
to be 67%. [12] 
the conduction and valence bands of the semiconductor and following the 
methods of Van de Walle [8] and Krijn, [13] we can calculate these effects at 
the r-point. We find that, as a result of compressive hydrostatic strain, the 
hand gap increases, with Ev, a decreasing by 15 meV and E, the conduction 
band edge, increasing by 68 meV. The shear strain, which breaks the crystal 
symmetry, splits the heavy and light-hole bands so that they are no longer 
degenerate at the r point. We find that the heavy-hole band edge increases 
in energy by 142 meV (with respect to E,, a, v) and the light-hole band increase 
in energy by just 78 meV. This gives a splitting between the two bands of 
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64 meV at the I' point in the wells. These effects of strain are included in 
Fig. 4.3, where the two valence band edges within the well are shown. The 
300 K band gap of the well (measured from the conduction band edge to the 
uppermost valence band edge, the heavy-hole band) is 1.601 meV, compared 
to the unstrained value of 1.555 meV. 
Using the same approach as for the unstrained device we can calculate the 
electron and hole confinement energies (including the effects of strain). From 
this we find the ground state confinement energy of an electron in the well to 
be 39 meV (ei). The heavy-hole (HIH) ground state is found to be 12 meV 
(hhl) below the I1H valence band edge in the well and the light-hole (LII) 
ground state is only just confined, lying 89 meV below the IHi valence band 
edge with lhl = 25 meV. Including exciton binding energy gives a resulting 
e1hh1 transition energy of 1.645 eV (753.7 nm). 
Both EELs studied here were processed as broad area devices with contact 
stripe lengths of 1000 µm and widths of 40 um so that current spreading 
effects can be ignored. [14] 
4.3 Temperature dependent studies 
4.3.1 Theoretical background 
In this section we shall be investigating the temperature (T) dependence of 
the threshold current (Ith) within the EELs and interpreting the results in 
terms of the variation of the different carrier recombination processes which 
may be occurring in the devices. The threshold current can be written as 
the sum of the different current paths within a device: 
hh Ith = eV 
(Anth + Bn +Cn )+ Ileak (4.2) 
Here e is the electronic charge and nth the threshold carrier density which 
we assume to be equal in the conduction and valence bands. For an ideal 
quantum well, using Boltzmann statistics, it can be shown that nth oc T. [15] 
V represents the pumped active region volume so that Vx nth represents 
the number of carriers. We assume here that V is independent of both 
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temperature and applied current. This is reasonable since the EELs are broad 
area devices. The Anth term represents the current due to recombination 
paths involving one carrier (electron or hole) and defect states, where A is 
the recombination coefficient for this process and is typically dependent on 
the density of defects. 
The two-carrier, radiative recombination process, described by the term 
Irad = eVBn h, represents the current path for carrier recombination resulting 
in the emission of photons, where B is the recombination coefficient for the 
process. For ideal quantum wells the relationship Ba T'1 [16] can be used 
so that we obtain Irad oc T. Therefore, in an EEL containing ideal quantum 
wells, we expect that Ith should increase linearly with temperature when 
radiative recombination processes dominate over all others. 
The three-carrier term, Cn h, represents carrier recombination through 
Auger processes. Here, recombining carriers do not release their energy in 
the form of photons, but rather to other carriers, thus promoting them within 
the band structure. [17] Auger recombination becomes an issue in narrow gap 
semiconductors and as such it contributes significantly to Ith in longer wave- 
length lasers. For example, in a typical 1.5 µm laser - 80% of the total 
threshold current may be due to Auger recombination at room tempera- 
ture. [18] However, the importance of Auger recombination quickly reduces 
with decreasing wavelength; in 980 nm lasers, for example, the contribution 
to Ith at room temperature has been measured as just - 17% [19] and in vis- 
ible 670 nm lasers no indications of Auger recombination were observed. [20] 
Therefore, for the 760 nm devices studied here we can assume that the con- 
tribution to Ith from Auger recombination processes is negligible. 
The final term written in Eq. 4.2, Beak, is due to the thermally activated 
leakage of carriers from states in which they can contribute to the lasing 
process to other states either in the wells, barriers or cladding. Carrier 
leakage is known to be a problem in visible wavelength lasers [20,21,22,23] 
and is therefore likely to be a factor in these near-infrared 760 nm devices. 
Assuming Boltzmann statistics apply then the leakage current may be written 
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using an Arncenius function: 
a (4.3) Ileak = lo exp 
(_E 
B 
Here 10 is it temperature independent constant, kB is the Boltzmann constant 
and F,, 1 is the activation energy of the 
leakage process. [20] If, for example, a 
leakage process involves electrons occupying states in the L-minima of a well 
then E,, = El "11 -Ef, where Ff, is the conduction band quasi-fermi level. 
With all the assumptions made above we can expect that our measured 
Ith values will exhibit components which vary linearly with temperature due 
to Ir, l, t, and exponentially with T due to Ileak 
(in the absence of any significant 
current due to defect recombination). Therefore, we can restate Eq. 4.2 for 
the case of these 760 nm devices as: 
Ith = eVBn h+ Ileak (4.4) 
4.3.2 Experimental technique 
Figure 4.4 shows the experimental setup for measuring the light output (L) 
from a laser device as a function of the applied current (I). Since the laser 
Detector 
C 
c rn 
Cc 
m w m 
Figure 4.4: Experimental setup used for measuring the L-I characteristics of 
the devices studied here. 
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diode has a series resistance of -2-3 S2, a 47 S2 resistor is included in the 
circuit to reduce current reflections within the 50 S2 impedance coaxial cables. 
The pulsed current source supplies the lock-in amplifier with a reference 
frequency at which it drives the laser under test. The light, output can then be 
detected using lock-in amplification, reducing the effects of noise. The other 
advantage of using a pulsed current source is that the effects of Joule heating 
within the lasers can be reduced if a low duty cycle is used. Therefore, the 
ambient temperature, which we measure, and the temperature of the device's 
active region should be approximately equal. We used a current pulse width 
of 0.5 µs and a repetition rate of 10 kHz here. In order to detect the laser 
emission from the facet of the laser we used either a Si photodiode to measure 
the integrated emission, or an optical spectrum analyser (OSA) to measure 
the spectrum. 
Figure 4.5 shows a schematic of the mount used to contact the lasers 
studied here. [24] The device sits on the copper block which acts as both 
Upper contact 
Laser chip 
Insulating layer 
Lower contact 
Optical fibre 
Figure 4.5: Schematic illustration of the spring-loaded clip used to contact 
the lasers studied in this work. [24] The lower contact is separated from the 
upper contact by an insulating spacer. It also acts as a heat sink for the laser. 
The upper contact connects to the upper p-side of the laser chip through the 
mechanical force of the spring-loaded clip. 
the lower electrical contact and a heat sink. Underneath the device there 
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is a small drilled hole in the copper so that an optical fibre can be used to 
measure the spontaneous emission through the substrate if desired. Such a 
measurement requires a small window to be created in the bottom contact of 
the laser and this can be achieved using an ion-beam miller. We attempted 
such measurements here. However, we found that much of the spontaneous 
emission from these devices is near 760 nm (1.631 eV) and is thus strongly 
absorbed by the GaAs substrate (E9 = 1.422 eV, 870 nm [5]). Therefore, 
we focus on the measurements of laser light emitted from the facet of the 
devices in this work. 
The upper side of the laser chip is contacted through a spring loaded clip. 
This gives a good contact to the device, while giving a simple method for 
releasing the device when the measurements are completed. 
To allow us to measure the threshold current of each device as a function 
of temperature we attached the mount shown in Fig. 4.5 to the cold finger of a 
liquid nitrogen cryostat. A heater coil was used, connected to a temperature 
controller, so that we could conduct measurements between 80 - 350 K. An 
optical fibre was used to couple the facet emission (not shown in Fig. 4.5) 
into a detector situated outside the cryostat. 
In order to determine Ith the facet emission is plotted against the applied 
current in what is known as an L-I curve. To demonstrate how we find Ith 
from such a measurement a typical L-I curve is shown in Fig. 4.6. At low 
currents the measured light is due to spontaneous emission and increases 
steadily with I, but above Ith the device begins to lase and the sharp increase 
in light intensity, due to the onset of the stimulated emission, can be seen. 
To ensure that we are consistent in determining Ith from each L-I curve 
measured in this study we take Ith as being at the intercept of the two linear 
extrapolations of the separate operating regimes. 
4.3.3 Results and discussion 
The solid symbols in figure 4.7 show the temperature dependence of the 
measured Ith for the EEL containing the unstrained A1xGa1_xAs quantum 
wells. At room temperature we find that Ith = 0.475 A. If we divide this 
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Figure 4.6: A typical L-I curve for a laser. The threshold current (Ith) is 
the current at which the device begins to lase and the light intensity increases 
sharply at this point. Below Ith the measured emission is due to spontaneous 
emission. Ith is determined from the intercept of two linear extrapolations as 
shown by the dashed lines. 
current by the area of the stripe which makes the upper contact for the 
laser (40 µm x 1000 µm -4x 10-4 cm2) we obtain the threshold current 
density, Jth = 1190 Acm-2. This can be compared to values measured for 
other devices of differing dimensions. We find it to be consistent with other 
AlyGal_, As 760 nm EELs; for example, a distributed feedback device also 
designed for 02 gas sensing has a reported value of Jth = 1250 Acm-2 for 
example. [25] This suggests that our EEL device is both functioning well, 
and fairly typical. 
At low temperatures we see from Fig. 4.7 that Ith varies linearly with 
T, consistent with the current being dominated by radiative recombination 
processes. For these low temperatures (T < 175 K) we fit our data with a 
linear model shown in Fig. 4.7 by the solid line. We find that this fit goes 
very close to zero current when T=0K which is an indication that there 
is no significant contribution from defect recombination. Therefore, we can 
assume that after Irad the only other contribution to hh is from Beak the 
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Figure 4.7: The solid symbols show the measured threshold current (Ith) 
values of the unstrained Al Gai_sAs quantum well edge-emitting laser as a 
function of temperature. The solid line is a linear fit to Ifh below 175 K, 
where the current is dominated by radiative recombination. The dashed curve 
is then the difference between the measured Ith values and the fitted 1,,, d line 
and represents beak. This is fitted with an exponential (Eq. 4.3) which is 
added to the fit of Irad to give the fitted Ith curve (solid curve). These fits 
are extrapolated up to the temperature at which the PR studies of chapter 3 
showed the VCSEL to be tuned (T = 388 K). 
contribution from carrier leakage. Above 250 K we see that Ith begins to 
increase at a rapid rate and the separation between it and the linear fit to 
Irad grows as a result. The difference between Ith and Irad(itted) is shown by 
the dashed curve in Fig. 4.7. We find that this follows an exponential curve, 
as expected for a thermally activated leakage process obeying Boltzmann 
statistics (Eq. 4.3, p97) and we fit it with such as term. The sum of our 
fitted linear Irad term and the fitted exponential henk term is shown in Fig. 4.7 
as the solid curve. It is clear that there is a very good agreement between 
our measured data and the fitted model; evidence that our assumption that 
Ith=Irad+Ileak is appropriate for this 760 nm device. 
Figure 4.8 shows the natural log of hak = Its, -Irld(f itted) against 1000/T 
(solid symbols). Eq. 4.3 shows that the gradient of a linear fit to this should 
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Figure 4.8: The natural log of the leakage current (see Fig. 4.7) in the edge- 
emitting laser containing unstrained A1, Ga1_,, As quantum wells plotted as a 
function of inverse temperature (solid symbols). The solid line is a linear fit to 
the data and yields an activation energy (Ea) of 255 f5 meV using Eq. 4.3. 
equal - Ea, /kB. From the linear fit in Fig. 4.8 we obtain a value for the 
leakage process of Ea, = 255 +5 meV. From our data used to generate the 
band lineup diagram in Fig. 4.2 (p92) for the EEL we find that the energy 
separation between the electron ground state in the well and the X-minima 
of the barrier/waveguide conduction band is 220 ± 10 meV. The reasonably 
close agreement between the two numbers indicates that the leakage process 
occurring here is likely, therefore, to involve electrons escaping into the X- 
minima states of the barrier and waveguide layers. Due to the high density of 
states at the X-minima (caused by the large effective mass and a multiplicity 
of six-see section 2.1) the number of available states is significant even with an 
activation energy -10 times larger than kBT. Hence such a leakage process 
has a large impact on the thermal dependence of Ith. 
Since lasing actually occurs from the quasi-Fermi level within the con- 
duction band of the well, which will be slightly above the electron ground 
state, the expected leakage activation energy will be slightly lower than the 
220 meV noted above. However, since the splitting between the confined 
electron state and the quasi-Fermi level would be relatively small, this would 
not greatly affect things here. 
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Although we have suggested that the leakage may involve electrons un- 
dergoing thermal diffusion from the wells into the X-minima of the barrier 
and waveguide layers, it is possible that the leakage could also occur be- 
tween other states. Looking again at Fig. 4.2 on page 92 we see that the 
L-minima in the barriers/waveguide occur at an energy slightly lower than 
the X-minima (by - 30 meV). Therefore, we would expect some leakage into 
these states too. It is not possible to tell which state the carriers are leaking 
into from our temperature dependent measurements alone. We may study 
the pressure dependence of Ith in order to ascertain which states are most 
significant in the leakage process and we do this in the next section. 
From Fig. 4.2 on page 92 it can also be seen that the X-minima of the 
cladding layers are below those of the barrier/waveguide layers. Therefore, 
it is possible that carriers may be leaking into these states since, in terms 
of energy, they are closer to the quasi Fermi level in the conduction band. 
However, the cladding layers are separated from the QWs by the waveguide 
layers, which have a thickness of 92 nm, and so carriers must traverse this 
distance via drift processes. In order to calculate the extent of this leakage 
process a full drift-diffusion model [26] would need to be used here. However, 
this is beyond the scope of the present work. 
Looking again at Fig. 4.7 we return to the point that the leakage causes 
a super-linear increase in Ith above T- 250 K. From our fit to the data 
we find that at room temperature 25% of Ith is due to this heterobarrier 
leakage process. In our PR studies of chapter 3 on the 760 nm VCSEL 
wafer containing an almost identical active region to this EEL we determined 
that the cavity mode and QW ground state transition were tuned when 
T .: 115 °C (388 K). Therefore, we are particulary interested in the threshold 
current of the EEL at this temperature. By extrapolating our fit to Iih beyond 
our highest measured temperature (350 K) we find that when T= 388 K, 
Ith -- 1.7 A, with - 85% of this due to It. /,. Therefore, we can say that a 
device processed from the VCSEL wafer studied in chapter 3 would also suffer 
significantly from carrier leakage at the desired temperature of operation. 
Problems caused by such leakage would be exacerbated in a VCSEL since it 
would increase the density of free carriers in the distributed Bragg reflectors, 
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reducing their reflectivity and thus increasing the round-trip losses of the 
cavity. [27] Furthermore, the high threshold current required to overcome 
the leakage process would cause significant self-heating in the small VCSEL 
cavity, [3] which would further reduce the efficiency of the laser. 
A further problem that the leakage current causes for the device is thermal 
instability. Looking at the exponential behaviour of Ith above room tempera- 
ture in Fig. 4.7 it is clear that small fluctuations in the ambient temperature 
would cause relatively large changes to Ith for a laser. Therefore, a VCSEL 
processed from the wafer studied in chapter 3 operating as an oxygen sensor 
may struggle to give a steady output intensity in an environment where the 
ambient temperature was fluctuating. This would reduce the sensitivity and 
accuracy of an oxygen sensing system using such a laser. 
The temperature instability can be quantified by the characteristic tem- 
perature, To, defined as: 
-1 
TO(Ieh) _ 
(dln(Ith)\ 
dT 
(4.5) 
The ideal scenario for any laser would be for Ith to be independent of temper- 
ature since its light output would then be unaffected by changes in temper- 
ature, making it completely stable. This corresponds to an infinite To value. 
In an ideal QW EEL, however, Irad oc T and as such TO(Irad) = T. Similarly, 
thermally activated carrier leakage has a characteristic temperature given by 
TO(Ileak) = T/(Ea/kBT) = kBT2/Ea. For our measured Ith values in Fig. 4.7 
we can numerically calculate values for To by using a moving five-point dif- 
ferential technique. Figure 4.9 shows the calculated To (Ith) values for this 
unstrained Al Ga1__, As QW EEL (solid symbols). Also shown, by the solid 
line, is To(Irad); a simple To =T relationship. It can be seen that up to 
- 200 K, where Ith is dominated by radiative recombination (see Fig. 4.7), 
our calculated To(Ith) values follow this relationship as expected. However, 
as the temperature increases our To(Ith) values decrease below T due to the 
onset of the thermally activated leakage. The dashed curve in Fig. 4.9 shows 
our T0(Ileak) values as determined from the numerical differentiation of the 
fit to Ileak shown in Fig. 4.7. The solid curve shows the corresponding fit 
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Figure 4.9: Temperature variation of the characteristic temperature TO of the 
measured threshold current, Ith (solid symbols) for the unstrained A1, Ga1_xAs 
QW edge-emitting laser of Fig. 4.7 obtained using Eq. 4.5. The solid line and 
dashed curve show the 1ö values of the fitted radiative and leakage current 
components as explained in the text. The solid curve shows To obtained from 
the fit to loh in Fig. 4.7 and Eq. 4.5. 
to 7ö(Ith) - calculated from Eq. 4.5 and the fit to Ith in Fig. 4.7. At room 
temperature we find that the EEL has To = 70 f2K. This low value is a 
representation of the temperature instability at room temperature a direct 
result of the carrier leakage. 
It is clear, then, that the unstrained Al Ga1_xAs QW EEL demonstrates 
poor thermal stability due to electron leakage into the barrier/waveguide 
layers. In order to reduce this problem the separation between the quasi 
Fernei-level and the X and L-minima of the barriers/waveguide layers would 
have to be increased (increasing Ea). Unfortunately, material choices for this 
wavelength region are limited and such a change is not readily achievable. 
One inclusion, however, that may improve the performance of a 760 nun 
EEL could be to introduce strain into the QWs. This will reduce the in- 
plane effective mass of the carriers in the heavy-hole band, leading to a 
reduction in the density of states, and therefore reducing threshold carrier 
concentrations. [28] Such an effect could help to lower the impact of carrier 
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leakage. 
We have already introduced the details of the 760 nm EEL containing 
compressively strained, InyAl Gai_x_vAs QW EEL in section 4.2. To reiter- 
ate, this sample is studied here so that the effect of incorporating compressive 
strain in the active region of a device operating at -760 nm can be quanti- 
fied. The results of this sample are not relevant to the potential performance 
of the unstrained oxygen sensing VCSEL wafer studied in chapter 3 since the 
active regions are dissimilar. 
Comparing the band lineups of this active region (Fig. 4.3) to that of the 
EEL containing unstrained Al Ga1_xAs QWs (Fig. 4.2) we see that the two 
are quite similar. In the unstrained EEL the energy difference between the 
calculated electron ground state and the barrier/waveguide X-minima was 
220 meV and for the L-minima this energy separation was 190 meV. In this 
strained tri-metal quaternary device we find the energy difference between 
the electron ground state and X-minima in the barriers/waveguide to be only 
slightly different at 240 ± 10 meV. The L-minima lie ' 55 meV below the 
X-minima so that the splitting between the electron ground state and the 
L-minima in the barriers/waveguide is just 185±10 meV. This would suggest 
that this strained device will suffer from similar carrier leakage problems as 
the unstrained device. We shall study the temperature dependence of Ith to 
see if this is the case, and if any significant improvements have been gained 
from introducing strain into the active region. 
Figure 4.10 shows the measured temperature dependence of Ith (solid 
symbols) for the strained EEL. Comparing this with the behaviour of Ith in 
the unstrained-EEL (Fig. 4.7, p101) it can be seen that the two are very 
similar - indicating that carrier leakage is indeed a problem in both material 
systems. At low T, Ith again increases linearly due to radiative recombination, 
and, when T> 250 K, Ith increases rapidly due to the leakage. In Fig. 4.11 
we plot the characteristic temperature, To for this device as we did for the 
unstrained laser (Fig. 4.9, p105). In many ways it is also similar to the To 
behaviour seen in the unstrained device. We even find that this device has a 
room temperature To value of 70 ±3K, equal to the value of the unstrained 
laser. This shows that in both lasers the temperature stability is affected to 
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Figure 4.10: The solid symbols show the measured threshold current (I, h) 
values of the compressively strained InyAl, Gai_: r_yAs quantum well edge- 
ernitting laser as a function of temperature. The solid linear line is a fit to 
1,1, below 200 K, where the current is dominated by radiative recombination. 
The dashed curve is the difference between the measured Ith values and the 
fitted I,. ad line and represents Item;. This is fitted with an exponential 
(Eq. 4.3, 
1)97) which is added to the fit of 1rad to give the fitted Ith, curve (solid line). 
'T'hese fits are extrapolated up to the temperature at which the PR studies of 
chapter 3 showed the VCSEL to be tuned (T = 388 K). 
a similar degree as a result of the leakage processes. However, the behaviour 
of To is slightly different at low temperatures, where we observe that To >T 
in the strained device. This indicates the presence of a current process with a 
sub-linear temperature dependence (see Eq. 4.5, p104). From our studies it is 
not possible to determine the exact nature of this current path. However, it 
is known that current occurring in devices as a result of defect recombination 
can exhibit a very weak temperature dependence. [29] If we make a simple 
assumption that there is a current path due to the presence of defect states, 
and that the amount of leakage is independent of temperature, we can simply 
subtract this current from the measured Ith values shown in Fig. 4.10. It 
can be seen from Fig. 4.10 that the fit to Iflu! does not go through zero 
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Figure 4.11: Temperature variation of the characteristic temperature 1j) 
of the measured threshold current, IIh (solid symbols) for the strained 
InyAl., Ga1__yAs QW edge-emitting laser. The solid line and dashed curve 
show the TO values of the fitted radiative and leakage current components. The 
solid curve shows To obtained from the fit to Ith. 
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when T=0K for this strained QW device, contrary to the behaviour in 
the unstrained device (see Fig. 4.7, p101). We take the intercept value of 
- 22 mA in Fig. 4.10 to be the constant defect current value (Ide frc, ) which 
we subtract from Ith. We now recalculate the To behaviour for Ilh - Idefect 
and this is shown in Fig. 4.12 
Looking at the temperature dependence of To for Ith - Idefect in Fig. 4.12 
we see that by subtracting the constant term Idefect = 22 niA the low tern- 
perature To values are now - T, indicating that the remaining current is 
completely dominated by radiative current. Fortunately, since this defect, 
current is only small it will not have a significant impact on the values of Ith 
at and above room temperature. Therefore, its presence should not affect 
our analysis of the thermally induced leakage current. 
For the unstrained device we were able to derive a value for the activation 
energy of the leakage process (see Fig. 4.8, p102) and we follow the same 
procedure here. Figure 4.13 shows the natural log of the leakage current 
plotted against inverse temperature. From the gradient of the linear fit (solid 
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Figure 4.12: Temperature variation of the characteristic temperature TO 
of the measured threshold current, with a constant current due to de- 
fect recombination subtracted: Ith - Idefect (solid symbols) for the strained 
InyAIGai_, 
_yAs 
QW edge-emitting laser. The solid line and dashed curve 
show the TO values of the fitted radiative and leakage current components. The 
solid curve shows To obtained from the fit to Irh - 'dcfret. 
line) we obtain a value of Eo, = 310 f 10 meV using Eq. 4.3 on page 97. This 
is higher than the value obtained for the unstrained EEL, where E,, was 
found to be = 255 +5 meV. It is also somewhat larger than the separations 
between the electron ground state energy and either the X or L-minima in 
the barrier/waveguide layers, which from Fig. 4.3 (p94) we determine to be 
240 meV and 185 meV respectively. This difference appears to be too large 
to be explained solely as a result of uncertainties in the material parameters 
used to calculate the expected value for E,,. 
At room temperature we find from Fig. 4.10 that - 18% of Il, is due to 
heap;. This is slightly less than the value obtained for the iiristrained device, 
where 25% of Ith was due the leakage current. This indicates a slight, improve- 
ment in the strained device. Comparing the absolute values of Ili, at room 
temperature in the strained (Ili, = 330 mA, Fig. 4.10, p. 107) and ulistrained 
(Ith = 475 mA, Fig. 4.7, p. 101) devices we find that, the threshold current 
is reduced by some - 30 % as a result of the incorporation of compressive 
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Figure 4.13: The natural log of the leakage current in the edge-emitting laser 
containing strained InyAlyGal_y_yAs quantum wells plotted as a function of 
inverse temperature (solid symbols). The solid line is a linear fit to the data 
and this yields an activation energy (En) of 310 ± 10 meV using Eq. 4.3. 
strain. Therefore, our studies suggest that adding indium into the wells of 
-760 nni lasers will result in lower threshold current values. 
4.4 Pressure dependent studies 
4.4.1 Theoretical background 
In the previous section we measured the threshold current of the two EELs 
as a function of temperature. These results showed an exponential increase 
in It,, with T leading to poor temperature stability within the lasers. In both 
devices we suggested that the exponential increase was caused by thermal 
leakage of electrons into the X and/or L-minima of the barrier/waveguide 
layers since the activation energy of the leakage process, E, 1, was close to 
the difference between these energies and the electron ground state in the 
wells. In this section we shall look at the variation of Ith with hydrostatic 
pressure to attempt to determine the exact leakage process that causes the 
exponential rise in Ith. This is possible due to the differing pressure coef- 
ficients of the harrier X-minima and L-minima levels and the IF point level 
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within the well. Figure 4.14 shows a schematic of how the band lineups in 
it semiconductor heterojunction change under the application of hydrostatic 
pressure. Fig. 4.14 (a) shows the normal situation at atmospheric pressure 
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Figure 4.14: Schematic of the pressure dependence of the energy bands in 
a III-V semiconductor heterojunction. (a) shows the band lineups at room 
temperature and atmospheric pressure. (b) shows the band lineups at room 
temperature and some pressure greater than atmospheric conditions. 
(- 1x 10-3 kbar). For simplicity we have shown the two activation energies 
to be between the electron ground state in the well (rather than the quasi- 
Fermi level of the conduction band) and either the barrier X-minima (Ea ) 
or the barrier L-minima (E, L, ). Fig. 4.14 (b) shows the same heterojunction, 
now under the influence of a larger hydrostatic pressure. In a III-V semicon- 
ductor the F-point in the conduction band is known to increase linearly in 
energy with applied pressure (over the pressure range of interest here), as do 
the L-minima. [30] Therefore, the direct band gap and indirect L-gap both 
increase with increasing pressure. The X-minima in the conduction band 
move in the opposing direction, so the indirect X-band gap decreases lin- 
early with increasing pressure. [30] Therefore we can write an expression for 
the rate of change of activation energy with pressure, which will be constant 
h' VB 
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due to the linear nature of the band energy pressure coefficients: 
dEa ,L_ dEb rrier - 
d_'wel! 
(4.6) 
dP dP 'fý 
In Eq. 4.6 we make the assumption that the relative positions of the valence 
bands are preserved (i. e. the valence band offsets are independent of pressure) 
and that the pressure principally affects the conduction band levels. This 
approximation is acceptable here since it has been shown previously that the 
valence band offset ratio (Q) in AlGa/GaAs heterojunctions varies by just 
1% kbar-1. [31] This is small compared to the relative changes between 
the Ee rier energies and the electron ground state in the well. 
We can determine the dEe Ttet/dP values from literature reported values 
for our two devices and the second term in Eq. 4.6 can be inferred directly by 
measuring the energy of the photons involved in stimulated emission (Ejase N 
Ewe«). This gives us the pressure dependence of E. for a particular leakage 
process. 
The differential in Eq. 4.6 can be integrated with respect to pressure and 
substituted into Eq. 4.3 (p. 97) to give Eq. 4.7 for the leakage current at some 
pressure P above atmospheric pressure, where Io is a pressure independent 
constant, containing the activation energy at zero pressure: 
(kBT 
Ii k= Io 'L 
P dEx, L 
exp dP 
) 
(4.7) 
Eq. 4.7 gives us a simple method for quantifying the variation of Ileak 
with pressure. In order to model the complete pressure dependence of Ith 
we must also consider how Irad changes. In a QW it can be shown that 
nh is proportional to the conduction band effective mass, which in turn 
is approximately proportional to E9. [30] We use the approximation that 
me oc E. here, although from k"p theory it- can be seen that this is only 
true when the spin-orbit splitting energy (so) is much larger than E9. In 
Al Ga1_xAs this is not the case and Ao N E9/4. [5] Therefore, to illustrate 
the accuracy of the approximation that me oc E9 in these 760 nm devices we 
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Parameter I Value 
Eg (300 K) (eV) 1.630 
Do (eV) 0.333 
Ep (eV) 27.8 
s (mo) -2.5 
Table 4.1: Parameters for Alo. 135Ga0.865As at atmo- 
spheric pressure required for calculating the conduction 
band effective mass using equation 4.8. 
give a relation for me based on an eight-band k-p model: [32] 
met=s+ 
3p [-+ 
E9± ] (4.8) gg0 
The parameter s is a second order perturbation term, and Ep is related to the 
Kane momentum matrix element. From Ref. [5] we obtain the parameters for 
the material of the quantum wells in the unstrained device (Alo. 135Gao. 865As) 
required in Eq. 4.8. These are given in table 4.1. Using these parameters we 
obtain a value for the conduction band effective mass of me = 0.0736 (units 
of free electron mass, mo). In order to determine the validity of the approx- 
imation me oc E. we can simply vary E. and re-calculate me. Figure 4.15 
shows the calculated me values over a range of band gap values (solid sym- 
bols). The solid line in Fig. 4.15 is a linear fit to the variation of me with 
E9. It is clear that the linear fit is of a good quality, indicating that we can 
indeed make the approximation that me a E. here. 
The radiative recombination coefficient, B, is also known to exhibit a 
linear dependence on E9, [30] therefore, from the radiative current Bn term h 
we find that Irad oc E. By measuring the energy of photons emitted at 
threshold we can measure E9 (approximately) as a function of pressure. This 
gives us the pressure variation of Irad. In order to model the pressure variation 
of Ith=1rad+Ileak we sum the relation Irad oc E9 and the relation for Ileak 
(Eq. 4.7) using a variable parameter, x, to describe the relative contribution 
due to leakage current at atmospheric pressure and room temperature. This 
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Figure 4.15: Calculated variation of the conduction band effective mass in 
Alo. 135Ga0.865As, the material of the quantum wells in the unstrained devices 
studied in this chapter (solid symbols). The solid line shows a linear fit to the 
effective mass parameter, indicating that me a F. q. 
is shown in Eq. 4.9. 
Ith(P) 
=P 
dE,, 
Ith(O) - xexp 
(kBT 
dP + 
(1 - x)E9 (4.9) 
By writing the expression in terms of the normalised threshold current 
(Ith(P)/Ith(0)) any constants of proportionality divide out. This allows us to 
define a variable fitting parameter, x, the fraction of It,, that is due to I1,., 1k at 
room temperature and atmospheric pressure. The aim is then to use Eq. 4.9 
to fit the pressure dependence of Ith, for a certain leakage process, giving a 
percentage of leakage that agrees with the value seen in the temperature 
dependent studies. 
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4.4.2 Experimental Technique 
Figure 4.16 shows a diagram of the pressure system used to study the devices 
in this work. Hydrostatic pressure is exerted on a device using a piston in 
cylinder system with the pressure being transmitted through a liquid medium 
within the cylinder. The cylinder is made from hardened, pre-stressed steel 
and has an inner bore diameter of -3 cm. [24] The bottom hardened steel 
piston remains fixed in place while the upper piston, which holds the laser 
being studied, is placed in the cylinder once filled with the pressure transmit- 
ting medium. The pressure transmitting medium used here is a hydrocarbon 
fluid known as `Essence-F'. 
In order to increase the pressure within the cylinder a load is applied to 
the upper piston using a hydraulic ram. This allows us to generate pres- 
sures of up to 10 kbar. To measure the applied pressure a coil of manganin 
wire is present in the cylinder and the resistance of this is measured via 
the electrical feedthroughs in the bottom piston. This resistance can be re- 
lated to a pressure since the relationship between the two in manganin is 
well known. [33,34] When changing pressure by increasing the force applied 
by the hydraulic ram, care is taken to ensure that the system reaches ther- 
mal equilibrium after the adiabatic compression before measurements of the 
threshold current are made. 
The upper piston has feedthroughs so that an optical fibre can be used 
to couple the light emitted from the facet of the laser to a detector outside 
of the pressure system. Electrical connections are also present, allowing us 
to supply the device under investigation with a current. 
4.4.3 Results and discussion 
Figure 4.17 shows the variation of Ith with hydrostatic pressure for the un- 
strained edge-emitting laser (solid symbols). The threshold currents have 
been normalised (i. e. each measured value has been divided by the threshold 
current at atmospheric pressure) so that we can model the variation of Iih 
using Eq. 4.9 on page 114. It is clear that Ith increases with pressure and 
at 7.5 kbar we see that Ith has increased by around 3.5 times the value at 
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JEC 
Figure 4.16: Diagram of the hydrostatic pressure system used to investigate 
laser threshold currents. [24] 
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B. Upper piston G. Fibre stub 
C. Lower piston H. Electrical connections 
D. Pressure medium 1. Manganin coil 
E. Device J. Rubber O-ring seal 
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Figure 4.17: Variation of the threshold current (normalised to atmospheric 
pressure value) with hydrostatic pressure in the unstrained edge-emitting laser 
(solid symbols). The solid curve shows a fit using Eq. 4.9 and varying x as ex- 
plained in the text. The resulting percentage of leakage current is determined to 
be 18%, assuming the leakage involves the X-minima of the barrier/waveguide 
layers. 
atmospheric pressure. 
As explained in section 4.4.1, in order to model the increase observed in 
Ith it is necessary to measure the variation of El,,, Se 
(- E, reii) with pressure. 
Figure 4.18 shows this for the unstrained device (solid symbols). The solid 
line shows a linear fit to the data, giving a value of dEia, Se/dP = 8.1 f 
0.5 cncV/kbar. We enter this value in Eq. 4.6 on page 112 to give us the 
second term (dEwell/dP) in the relationship for dE,; /dP. It is adequate to 
assume here that dEjaSe/dP dE, i1e, i/dP since the main pressure dependence 
of the lasing energy will be the pressure coefficient of the band gap in the 
well. For the first term in Eq. 4.6, if we assume the leakage involves the 
X-minima of the harriers/waveguide, we use a value of -1.2 meV/kbar for 
dEb 
, siel. 
/dP, the average of three values obtained from different sources: - 
0.8 meV/kbar [7], -1.3 meV/kbar [31] and -1.5 meV/kbar. [35] This then gives 
us a value of d F, ä /d P= -1.2 - 8.1 = -9.3 f 0.5 meV/kbar, which we can 
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Figure 4.18: Variation of the lasing energy in the unstrained edge-emitting 
laser with hydrostatic pressure (solid symbols). The gradient of the fitted linear 
line gives dEiQ3e/dP = 8.1 f 0.5 meV/kbar. 
enter into Eq. 4.7 on page 112, allowing use to calculate the leakage current 
at a given pressure. This may then be substituted into Eq. 4.9 (p. 114), 
so that the equation may be used to fit the pressure dependence of Ith in 
Fig. 4.17. As mentioned in section 4.4.1 the radiative current should he 
approximately proportional to E9 (where E9 is the band gap of the well) and 
we can approximate the pressure variance of E9 from Fig. 4.18. This leads us 
to the remaining component describing how It,, varies with pressure in Eq. 4.9, 
allowing us to fit Ith in Fig. 4.17 (p. 117) by varying the relative amount of 
leakage current at atmospheric pressure, x. The result of the fit obtained 
for this EEL is shown by the solid curve in Fig. 4.17, where x= 18 ± 2%. 
The uncertainty is dominated by the uncertainty in the dE, 6arrier/dP value, 
obtained from a range of literature sources. 
A fitted leakage percentage of 18% is reasonably consistent with the 
amount of leakage current seen in the temperature dependent studies at 
room temperature (Fig. 4.7, p101). There we saw that 25% of Ith was due 
1eak. The small difference between the two values may be due to the pres- 
ence of multiple, competing leakage processes. For example, electrons may 
be leaking at different rates into the barrier/waveguide IF, X and L points in 
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the conduction bands. Since each of these processes has a unique pressure 
dependence the results in Fig. 4.17 may contain aspects of each of these. It 
is not easy to account for this when modelling the pressure dependence of 
1, I,. However, since the two percentages agree reasonably well we can assume 
that, the majority of leakage is due to leakage into the X-minima states. 
Figure X1.19 shows the pressure dependence of Ith (again normalised to the 
atmospheric pressure value) in the strained QW device. Similar to Fig. 4.17, 
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Figure 4.19: Variation of the threshold current (normalised to atmospheric 
pressure value) with hydrostatic pressure in the strained edge-emitting laser 
(solid symbols). The solid curve shows a fit using Eq. 4.9 as explained in the 
text. The resulting percentage of leakage current is determined to be 5.5%. 
it shows an increasing Ith with increasing pressure. However, the increase 
is not so marked as in the unstrained device; at 7 kbar, for example, the 
normalised threshold current is just - 1.7 times greater than the atmospheric 
value. However, in the unstrained device the threshold current had increased 
by approximately 3.1 times at this pressure (Fig. 4.17). This indicates that 
the leakage current is not as sensitive to pressure change in the strained 
device compared to the unstrained device. 
By monitoring the energy of the lasing mode with pressure in this strained 
device we obtain a value of dE1, l3N/dP = 7.7 f 0.5 meV/kbar, shown by the 
fit in figure 4.20. Using this value, and the same value for dE, e r, r2er/dl' 
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Figure 4.20: Variation of the lasing energy in the strained QW edge-emitting 
laser with hydrostatic pressure (solid symbols). The gradient of the fitted linear 
line gives a value of dEi0S, /dP = 7.7 ± 0.5 meV/kbar. 
as in the unstrained device (-1.2 meV/kbar) gives a value of dEa/dl' = 
-8.9 f 0.5 meV/kbar, which we enter into Eq. 4.7 to give the amount of 
leakage current at a given pressure. Using this value in Eq. 4.9 and fitting 
the behaviour of Ith in Fig. 4.19 (solid line) yields a leakage current percentage 
of just 5.5%. This is somewhat lower than the value determined from the 
temperature studies, where the value obtained was 18% (Fig. 4.10, p. 107). 
The difference between the two appears to be too large to be explained as a 
result of the uncertainties in the various material parameters used to model 
the pressure dependence, and it may suggest that the leakage process involves 
not the X-minima of the barriers/waveguide, but some other state. 
In order to check this we use another approach to analyse the pressure 
dependence of Ith in Fig. 4.19. Now, rather than varying the amount of leak- 
age at atmospheric pressure (x) in Eq. 4.9, we vary the pressure dependence 
of the leakage activation energy (dEu/dP) when fitting the data in Fig. 4.19 
and fix x at 18% the value obtained from the temperature dependent study 
of Ith. This gives a fitted value of dEa, /dP = 4.7 meV/kbar. Since we know 
dEweii/dP ~ dEia, Se/dP = 7.7 meV/kbar in this device (Fig. 4.20) we find 
that the energy of the state into which leakage is occurring must be increas- 
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ing in energy with pressure at a rate of 3.0 meV/kbar (Eq. 4.6, p. 112). This 
is very close to the value of dEbrrier/dP = 2.8 meV/kbar obtained from 
literature [7] and suggests therefore that the leakage is actually occurring 
between the quasi-Fermi level in the conduction band and the L-minima of 
the barrier/waveguide layers in this strained device. This could be due to 
the fact that the X-L splitting in the barrier is larger in the strained device 
compared to the unstrained device. 
4.5 Conclusions 
The principal aim of this chapter was to determine how effectively a VCSEL 
processed from the wafer studied in chapter 3 would perform at high tem- 
peratures (T > 100 °C). We did this here by actually studying the carrier 
recombination mechanisms in an unstrained edge-emitting laser with essen- 
tially the same active region as the VCSEL wafer. Our measurements of 
the temperature dependence of the threshold current in this edge-emitting 
laser have revealed that for devices operating near 760 nm the Al Ga1_,, As 
material system is particulary susceptible to carrier leakage effects. This was 
seen as a rapid exponential increase in Ith when T> 200 K (see Fig. 4.7 on 
page 101). Analysis of this behaviour suggested an activation energy for the 
leakage process of 255 meV, not greatly different to the energy separation 
between the electron ground state in the well and the X-minima of the barrier 
and waveguide layers. Therefore, we suggested. that the sharp increase in Ith 
was due to the thermal excitation of electrons from within the QWs out into 
the X-minima of the barrier/waveguide layers. As a result of this leakage we 
found that at room temperature 25% of Ith was due to the leakage current. 
Furthermore, the exponential increase in Ith caused by the current leakage 
resulted in a large reduction in the thermal stability of the laser, with a To 
of just 70 K at room temperature (Fig. 4.9, p. 105). 
In order to check that the leakage process involved the aforementioned 
states we also studied Ith as a function of hydrostatic pressure. Using lit- 
erature values for the pressure dependence of the X-minima in the barri- 
ers/waveguides we were able to determine the percentage of leakage at atmo- 
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spheric pressure and room temperature by fitting a simple model (Eq. 4.9, 
p. 114) to the pressure dependent data. This suggested that if the leakage 
was due entirely to X-minima states in the barriers and waveguides then the 
amount of leakage current was 18 ± 2% of Ith at room temperature. 
In a separate study we also measured the temperature and pressure de- 
pendence of the threshold current in a 760 nm edge-emitting laser containing 
compressively strained InbAl Ga1_x_yAs quantum wells in order to quantify 
the advantage of incorporating strain in this wavelength region. The temper- 
ature dependence of Ith (Fig. 4.10, p. 107) showed a similar trend to that of 
the unstrained laser, again indicating that electron leakage was a problem in 
the strained system. However, our pressure dependent studies were consis- 
tent with a leakage of electrons into the L-minima of the barrier layers, rather 
than the X-minima as in the ünstrained device. This was explained since the 
X-L splitting in the barriers of the strained device was larger than in the un- 
strained device, meaning that L-minima states could become preferentially 
occupied. 
When we compared the measured room temperature threshold currents 
of the strained and unstrained devices we found that the current was re- 
duced by N 30% as a result of incorporating the strain. This indicates that 
using compressively strained InbAlxGa1_x-yAs quantum wells in 760 nm de- 
vices will result in lower threshold currents compared to devices containing 
unstrained AlyGal_., As wells. 
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5 An enhanced modulated reflectance line- 
shape theory for vertical - cavity surface - 
emitting lasers 
5.1 Introduction 
In chapter 3 we reported on the photomodulated reflectance (PR ) studies of 
a 760 nm VCSEL wafer with a very high-finesse cavity mode (CM). Although 
the sample yielded strong, clear PR signals we found that we were unable to 
fit the measured PR spectra with the established VCSEL PR lineshape model 
described in section 2.2.4. We believed that the reason for this failure, when 
attempting to fit our angle dependent measurements (section 3.4), was partly 
due to the convolution of the lineshapes resulting from the low instrumental 
resolution used. However, we also found that the model could not be fitted 
to the high resolution temperature dependent measurements of section 3.5 
indicating that something more fundamental was the cause. 
Figure 5.1(a) shows an example of an attempted fit to a high resolution 
PR measurement at normal incidence recorded at a temperature of 150 °C. 
For this fit the energy parameters of the two QW transitions-the ground 
state electron to heavy-hole and light-hole transitions (elhhl and ellhl) were 
allowed to vary unconstrained along with the other variable parameters in the 
model. We see from Fig. 5.1(a) that in the region of the CM this fit appears 
to be of a good quality, reproducing the form of the lineshape. However, in 
the region of the e1hh1 QW transition it can be seen that the fit is of a very 
poor quality. The values of the the e1hh, and ellhl energies obtained from 
this fit are 1.6215 and 1.6253 eV respectively and these energies are marked 
on the upper scale. They are both close to the CM energy (ECM) and this 
is caused by the least squares fitting routine's attempts to reproduce the PR 
lineshape, which is strongest in the CM region. Although this does create 
a good fit here, it is at the expense of the fit in the region of the weaker 
e1hh1 feature. Furthermore, we can show that the two fitted energies of the 
QW transitions are not consistent with the values obtained in chapter 3: for 
example, from figure 3.14 on page 70 we can estimate the energy of the e1hh1 
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Figure 5.1: (a) Measured normal incidence PR of the 760 uni VCSEL recorded 
at 150 °C (filled symbols). The e1hhi transition region below 1.618 eV has been 
magnified for clarity. The unconstrained least squares fit achieved using the 
established lineshape model (Eq. 2.18, p. 37) is also shown (solid curve). (b) 
The same PR spectrum fitted with established model, where the parameters 
have been constrained near their approximate values, as determined from the 
PR studies of chapter 3. The labelled arrows mark the respective energies of 
the three features obtained from the fits. 
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Parameter Fit #1 Fit #2 
Ia (X10-3) 1.06 2.22 
CM 1a 
(X 10-3) 1.95 17.16 
E (eV) 1.6268 1.6265 
I' (meV) 2.166 . 770 
E (eV) 1.6095 1.6215 
elhhl 
r (mcV) 11.444 18.264 
0 (degrees) 75.0 335.0 
n 2.0 2.0 
1 1.84 0.6 
E (eV) 1.6253 1.6235 
el l hl I' (meV) 6.368 11.716 
0 (degrees) 45.0 335.0 
n 2.0 2.0 
Table 5.1: Parameters of the unconstrained fit (Fit #1) 
and constrained fit (Fit #2) shown in Fig. 5.1 for the nor- 
mal incidence, 150 °C PR spectrum of the 760 nm VCSEL 
wafer. 
QW transition at T= 150 °C to be 1.613±0.005 eV and this is some 8.5 meV 
lower than the fitted value. 
In order to produce a fit that was more physically meaningful we con- 
strained the energy parameters so that they were close to the values shown 
in Fig. 3.14 at T= 150 °C (the ellhl value was taken to be -14 meV greater 
than the e1hh1 energy since this was their energy separation measured from 
Fig. 3.7 on p59). This constrained fit is shown in figure 5.1(b). It is clear 
from this that the fit is of a poor quality; by ensuring that the QW transition 
energies are near their pre-determined positions we have made it impossible 
for the established model to reproduce the negative-going side-lobes that 
surround the central peak near ECM. Similarly the model fails to reproduce 
the lineshape in the region of the e1hh1 QW transition. Table 5.1 shows 
the parameters used in the two fits, where Fit #1 is the unconstrained fit 
and Fit #2 is the constrained fit. All the parameters are explained in detail 
in section 2.2.4. The first four parameters in the table are associated with 
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the CM Seraphin coefficients and the next four are the e1hh1 QW transition 
TDFF parameters. The amplitude of this TDFF is absorbed into the Ia and 
Ip amplitude terms of the CM. The final five parameters are associated with 
the ellhl TDFF-this feature has a separate intensity parameter (I) and 
its value represents the relative magnitude of the TDFF with respect to the 
first e1hh1 TDFF. In Fit #1 the intensity of the ellhl TDFF is 1.84, and 
this implies that the ellhl PR feature is stronger than the elhhl feature. We 
know this is not the case here (see Fig 3.7) and this further demonstrates 
that this unconstrained fit is not physically meaningful, despite reproducing 
the PR lineshape near the CM. In both Fit #1 and Fit #2 the value of the 
exponent (n) used in the two TDFFs is fixed at 2.0; an appropriate value for 
excitonic QW transitions (see section 2.2.2). 
Fortunately, despite not being able to fit the established model to our 
measured PR spectra of the 760 nm VCSEL wafer, we were still able to char- 
acterise the gain-cavity de-tuning of the sample by monitoring the symmetry 
of the measured lineshapes. Here we utilised the theory that in VCSELs 
such as this one, where the CM FWIIM, FcM is less than that of the e1hh1 
transition, the PR lineshape becomes anti-symmetric when the CM and QW 
are in resonance (see section 2.2.4). This allowed us to determine that the 
VCSEL was tuned with ECM = EQW at room temperature when the an- 
gle of incidence was 47° (Fig. 3.10, p63), or at normal incidence, when the 
temperature was 113.5 °C (Fig. 3.17, p75). 
Although we were able to use the existing symmetry theory to characterise 
the gain-cavity de-tuning in the sample the question still remained as to why 
we were unable to fit the measured PR spectra with the currently accepted 
model. Therefore, in this chapter we return to the problem, in an attempt 
to enhance the VCSEL PR lineshape model. Our approach will be to first 
simulate the reflectance and Seraphin coefficients of a VCSEL similar to the 
760 nm sample studied in chapter 3. Then, analysis of these simulations will 
hopefully lead to a suitable lineshape model for the Seraphin coefficients, 
which can be included into an new PR model for VCSELs. We can then 
test the model by attempting to fit the measured PR spectra of the 760 nm 
VCSEL. 
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5.2 Simulating the reflectance spectra and Seraphin 
coefficients of a VCSEL 
When the established VCSEL PR lineshape model was originally formulated 
it was found empirically that measured spectra could be fitted by using the 
real and imaginary parts of a complex Lorentzian to describe the Seraphin 
coefficients. [1] The equations for these, which are included in the VCSEL 
PR model discussed in section 2.2.4, are repeated here in Eq. 5.1. 
a= Ja A2 
A+ t2 and Q= Iß A2 
rycM 
2 
(5.1) 
CM _YCM CM + YCM 
Here, ryCM = rCM/2 is the half width at half maximum (HWHM) of the CM 
PR feature and ACM =E- ECM, where ECM is the CM energy. 
In these original studies the Reflectance (R) spectra of various VCSEL 
structures were simulated, allowing the Seraphin coefficients to be calculated 
numerically using Eq. 5.2. 
aN 
R(E1 + öei162)- R(ci, 6a) 
and 
R(ei, 1-a +5 2) - R(el, e2) (5.2) 
R(el, 62)5e1 R(el, 62)b&2 
In this equation Si eand 862 are infinitesimally small changes to the dielec- 
tric function of the material for which the Seraphin coefficients are being 
calculated. These early studies showed that the numerically calculated VC- 
SEL Seraphin coefficients were well represented by the lineshapes of Eq. 5.1. 
However, in these simulations, the dielectric functions of the QW layers in 
the cavities of VCSELs were approximated as being the same as their bulk 
materials-i. e. ignoring the effects of quantum confinement. [2] 
In order to try to develop an enhanced PR model for VCSELs we include 
here an accurate model for the dielectric functions of the QWs that will 
be included in the structure, so that a closer approximation to the true 
effect of the QWs can be simulated. We use the transfer matrix technique 
described in section 2.3 to calculate the R spectra as a function of angle 
of incidence. This allows us to observe the changes to the simulated R 
and the Seraphin coefficients as the CM is tuned through the included QW 
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transitions. This approach is much simpler than attempting the study the 
problem as a function of temperature since this would require a detailed 
inclusion of the thermal dependence of the dielectric functions of all the 
materials involved. The structure of the VCSEL used in the simulations is 
identical to the 760 nm VCSEL studied in chapter 3 and a description is 
given in section 3.2. In order to simplify the analysis of the simulated R 
spectra we omitted the GaAs cap layer from the structure which caused the 
unusual, broad dip in the reflectance stop band (Fig. 3.5, p55). This allows 
us to develop a general theory, applicable to VCSELs which do not show 
perturbed R spectra resulting from poorly designed cap layers. 
The dielectric functions of the various bulk materials were obtained from 
ellipsometry measurements. [3] 
5.2.1 Modelling the dielectric function in quantum wells 
In this section we describe the model used for the complex dielectric function 
of the QWs included in our VCSEL structure. The model was developed by 
Tanguy et al. [4] and is based on the dielectric function of Wannier excitons 
in non-integer, or `fractional' dimensions. 
An ideal, two-dimensional system has a dimensional integer (d) of two, 
compared to a value of three for a conventional bulk system. Using non- 
integer dimensions (2.0 <d<3.0) to describe effects in real quantum con- 
fined systems has proven popular due to the good agreements between theory 
and experiments, [5,6,7] and the low computational effort required compared 
to complex numerical calculations. [8] 
The relative, energy dependent complex dielectric function (e = el + 
ie2) of a Wannier exciton in a non-integer dimension d can be written as 
equation 5.3: [4] 
= 
AdR«d/2)-1) 
Cd (E) (E + i'Y)2 
[gd(ý(E + i7)) + 9d(ý(-E - i7)) - 29d(ß(0))] (5.3) 
Here ry is the Lorentzian broadening (HWHM), Ad is related to the oscillator 
strength of the transition, and R is the excitonic binding energy in three 
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Parameter I Heavy hole I Light hole 
Ad 0.7 0.28 
R (meV) 6.0 4.0 
Eg (eV) 1.6851 1.6955 
y (meV) 5.5 5.5 
d 2.5 2.5 
Table 5.2: Parameters of the model for the complex di- 
electric function of Wannier excitons in non-integer dimen- 
sions used to generate the dielectric function of the QWs 
included in the VCSEL reflectance simulations of this work. 
The heavy and light hole ground state transitions are in- 
cluded. 
dimensions. The function ý(q) is given by Eq. 5.4, where E9 is described by 
Tanguy et al. as being the absorption threshold energy. [4] 
R 1/2 (4) _ Eg 4/ 
(5.4) 
gd(C) is given by Eq. 5.5, where D=d-1 and ((x) is the Euler Gamma 
function, with argument x. 
9a(6) = 
2C(D/2 + 6) [cot(ir(D/2 - 6)) - cot(7rD)] (5.5) (((D/2))2((l - D/2 + 6)6d-2 
In order to solve the Euler Gamma function we have used the approach de- 
scribed by Spouge. [9] This then enables us to calculate the complex dielectric 
function for a given excitonic transition. 
In order to select appropriate parameters for the model we take guidance 
from Ref. [4] and our PR measurements on the 760 nm VCSEL (Fig. 3.7, 
p59) as a guide to the appropriate values of 'y and E9. We include the 
excitonic effects of both the e1hh1 and ellhl transitions, requiring us to sum 
the contributions of two separate ed functions from Eq. 5.3 (i. e. Cd = edh + 
ed ). The values of the parameters used are shown in table 5.2. 
In their work on excitonic binding energies in non-integer dimensions, 
Mathieu et al. [10] give a simple method for calculating d for an infinite 
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quantum well: 
d=3- exp(-Lw/2ao) (5.6) 
Here L,,, is the width of the quantum well (8 nm), ao = daft/µ is the effective 
Bohr radius, aH -- 0.053 nm is the Bohr radius and µ= (1/me + 1/mh)-1 is 
the reduced mass (in units of the free electron mass, mo). Using effective mass 
parameters from the review of Vurgaftman et al. [11] and a value for el = 13.3 
based on the dielectric function data from ellipsometry measurements [3] 
gives a value of d -- 2.3. In order to account for the wavefunction penetration 
into the barriers of our finite quantum wells we have increased this value of 
d, using a value of 2.5 here. 
Our applied Eg values are chosen to yield excitonic peaks in 62 at energies 
based on the two room temperature energies e1hh1 and ellhl of the 760 nm 
VCSEL as determined from Fig 3.7 (1.675 and 1.689 eV). However, we have 
slightly red-shifted the heavy hole transition from the light hole transition in 
our model so that the two excitonic peaks are clearly resolvable. Therefore, 
our generated excitonic absorption peaks occur at 1.671 and 1.689 eV for 
the e1hh1 and ellhl transitions. Comparing these energies with the values 
of E9, the absorption threshold energy, used in the dielectric function model 
(table 5.2) we see that the excitonic features occur at lower energies than E9. 
This is due to the exciton binding energies and carrier confinement effects. [4] 
The excitonic features can be seen in figure 5.2, which shows the sepa- 
rate dielectric functions of the two Wannier excitons associated with both 
transitions calculated from Eq. 5.3. The imaginary parts (E2) are shown by 
the dashed curves. It can be seen that the dielectric function of the ellhl 
transition is smaller than the corresponding e1hh1 function, due to the larger 
Ad value used for the heavy-hole transition (see table 5.2). At energies below 
the excitonic peaks both transitions display absorption tails resulting from 
the Lorentzian broadening, ry included in Eq. 5.3. Above the absorption 
peaks however, e2 does not go to zero for either transition. This is due to 
the inclusion of effects from higher energy bound states and unbound con- 
tinuum states in the model of Eq. 5.3. [4] The corresponding real parts of 
the dielectric functions (el) are shown by solid curves. Since these must be 
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Figure 5.2: Wannier exciton dielectric functions for the electron to heavy hole 
(elhhi) and electron to light hole (ellhl) quantum well transitions calculated 
with Eq. 5.3 using the parameters in table 5.2. The real parts (Ei) are shown 
by the solid curves while the imaginary parts (e2) are shown by the dashed 
curves. 
the Kramers-Kronig counterparts of the e2 terms, taken together el + ie2 
exhibit lineshapes which resemble the real and imaginary parts of complex 
Lorentzian lineshapes near the excitonic absorption peak energies. 
The dielectric functions in figure 5.2, when summed, will give the total 
dielectric function contribution of the two included QW transitions. How- 
ever, in order to get a full description of the QW dielectric function we must 
include a background el term that results from transitions near the X and L 
points in the bandstructure, far above E.. [4] This addition must not be in 
contradiction to the causality principle and so the real and imaginary parts 
of the dielectric function must remain Kramers-Kronig pairs over the entire 
energy spectrum. Fortunately, in the narrow energy region near E, ý 
it is per- 
missable to add a linear term such as a+ bE, to el without breaking this 
condition. [4] Therefore, we added a linear background to el consistent with 
the real el data of the QW bulk material (Alo. 1540a0846As) obtained from 
ellipsometry measurement data. [3] (not shown in Fig. 5.2) This seemed like 
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an appropriate choice since this background term, arising from transitions 
near X and L, will be relatively unaffected by the effects of cluanttun con- 
finement. The resulting QW dielectric function is shown in figure 5.3. Now, 
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Figure 5.3: Real (el, solid curve) and imaginary (e2, dashed curve) parts of 
the QW dielectric function used in the reflectance simulations of the VCSEL 
structure. 
the QW dielectric function exhibits two peaks in E2 due to the two included 
QW transitions and 51 shows the combination of the excitonic effects as well 
as the included linear background term. This then is the dielectric function 
we employed to describe the three quantum wells in the structure used in the 
R simulations of this study. For simplicity we have assumed all three QWs 
to be identical. 
5.3 Results of the angle dependent reflectance simula- 
tions 
Figure 5.4 shows the simulated reflectance of the VCSEL structure at normal 
incidence using the dielectric functions of the bulk materials of the struc- 
ture [3] and the QW dielectric function described in the previous section, 
shown in Fig. 5.3. The structure used in the simulations is the same as the 
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760 nm VCSEL wafer studied in chapter 3 and is described in section 3.2. As 
mentioned previously, we have omitted the GaAs cap layer from the struc- 
ture in order to simplify the form of the spectra and give an opportunity to 
develop a new PR lineshape model for general use. Therefore, the R spec- 
trum does not exhibit the unusual, broad dip across the stop band as in 
the measured R spectrum of the 760 nm VCSEL wafer (Fig. 3.2, p51). We 
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Figure 5.4: Simulated reflectance at normal incidence and room temperature 
of a VCSEL structure based on the 760 nm VCSEL studied in chapter 3. The 
position of the cavity mode energy is marked by the arrow, where ECM = 
1.6425 eV (754.9 nm). 
see a sharp feature in Fig. 5.4 due to the cavity mode at ECM = 1.6425 eV 
(754.9 nm), near the centre of the high reflectance stop band (R = 99.998%). 
Figure 5.5 shows the calculated R spectrum in the region of the CM. 
From this figure the true lineshape of the CM R feature can be seen. In 
order to describe its shape, we have fitted it with an inverted Lorentzian 
peak, described by equation 5.7. 
RCM N1- 021'Yc_r Z 
(5.7) 
c, +71f 
T=25 OC 
B=0° 
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Figure 5.5: Simulated normal incidence, room temperat ure reflectance of the 
VCSEL structure in the cavity mode region (open symbols). A fit using the 
imaginary part of a complex Lorentzian (Eq. 5.7) is also shown (solid curve), 
giving ECM = 1.6425 eV and FCf = 2-ycii = 0.176 meV. 
Here 'yc1w = FcAj/2 is the half width at half maximum (IIWIIM) and 
pctii = ECm - E. I is an intensity parameter describing the depth (min- 
imum reflectance) to which the CM dip falls. It is clear from Fig. 5.5 that 
the fit obtained using Eq. 5.7 is of a very high quality, indicating that the 
Lorentzian peak is an appropriate choice for the profile of the CM feature. 
The fitted value for EcM here is 1.6425 eV and -ycAf = 0.088 meV. This is 
now our starting point for developing a model to describe the lineshapes of a 
VCSEL's Seraphin coefficients. By asserting that RCM follows a Lorentzian 
profile we can state that the Seraphin coefficients will be related to this form. 
Before looking at the simulated Seraphin coefficients, however, we shall look 
at the simulated angle dependence of the CM feature in order to observe the 
changes that occur as the CM is tuned through the two transitions included 
136 
S. An enhanced modulated reflectance lineshape theory for vertical-cavity surface-emitting lasers 
in the dielectric function of the QWs included in the structure. 
Looking at the dielectric function of the QWs used in the structure 
(Fig. 5.3, p. 134) it can be seen that at normal incidence ECM (1.6425 eV) 
occurs in a region of low absorption, on the Lorentzian tail of the 1.671 eV 
exciton peak. By increasing the angle of incidence (0) away from the normal 
we can blue shift ECM, moving it up the absorption tail and towards the 
two excitonic peaks. Figure 5.6 shows a selection of the simulated R spectra, 
from normal incidence up to 0= 30°. The spectra are plotted as a function 
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Figure 5.6: Simulated room temperature reflectance of the VCSEL structure 
in the region of the cavity mode for angles of incidence ranging from 0= 0-30°. 
Spectra are vertically offset for clarity, and are plotted as a function of E-ECM, 
where ECM is determined from the individual fits using Eq. 5.7. 
of E- Ecm so that the position of each CM dip appears at zero on this 
scale-allowing for an easy comparison between the features. It is clear from 
Fig. 5.6 that with increased angle of incidence the depth (I) of the CM R dip 
reduces while its width (yc ,) increases. We find that the CM is tuned from 
an energy of 1.6425 to 1.7022 eV as 0 is increased from 0- 70°. Comparing 
this range of energies to the horizontal scale of Fig. 5.3 it is clear that our 
137 
5. An enhanced modulated reflectance Iineshape theory for vertical-cavity smfaee-etnill. ing lasers 
simulations have been able to tune the CM through the energies of the two 
QW transitions. Now we look at the values of our fitted parameters to see if 
any indication of the CM-QW tuning can be observed in these results. 
Figure 5.7 shows the CM feature width, integrated area, and depth as a 
function of the incidence angle. In this figure the CM width (filled circles) is 
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Figure 5.7: Measured broadening (FCM, FWHNI), integrated area, and depth 
of the cavity node feature in the simulated reflectance spectra of the VCSEL 
structure as a function of angle of incidence. The solid curves are a guide to 
the eye through the data points. The depth has been multiplied by it since this 
should equal the area of a true Lorentzian peak. 
plotted as the FWHM (i. e. FCM = 27cNf), showing two pronounced peaks, 
similar to the behaviour seen in the measured R spectra of the 760 nin VCSEL 
(Fig. 3.22, p81). Also plotted (filled triangles) is the depth, I, multiplied by 
7r. The reason for this multiplication is due to the fact that a standard 
Lorentzian (with an amplitude equal to one) has an integrated area of 7r. 
Therefore, if our simulated CM R features are exact Lorentzians, their areas 
should equal it x I. In order to check this we have also plotted the numerically 
integrated area of the simulated features (filled squares). There is a generally 
good agreement between the two values, which is further evidence that using 
a Lorentzian to describe the CM R features is justifiable. However, there is 
a slight discrepancy between the two; near the energy at which the FWHM 
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becomes maximum, I appears to display a small peak between e= 35 - 45°, 
but this is not the case for the integrated area parameter. This suggests that 
in this region the lineshape deviates slightly from a true Lorentzian shape. 
Indeed, this can be seen in figure 5.8, where the fit using Eq. 5.7 to the 
simulated 0= 40° R spectrum is shown. Here the slight deviation from a 
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Figure 5.8: Simulated room temperature reflectance in the cavity mode region 
of the VCSEL structure at an angle of incidence of 40° (open symbols). A fit, 
using the imaginary part of a complex Lorentzian (Eq. 5.7) is also shown (solid 
curve). The fitted cavity mode energy, ECM = 1.6695 eV, is marked by the 
arrow. 
true Lorentzian can be seen since the Lorentzian fit is unable to describe 
perfectly the simulated lineshape. We believe that this is due to the fact 
the at 0= 40° the CM (ECM = 1.6695 eV) is in a region where the QW 
absorption (- E2) is rapidly varying with energy (see Fig. 5.3 on p134). 
Therefore, if the CM broadening is affected by the QW absorption and the 
absorption is changing across the CM feature, then it follows that the CM 
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feature will have an energy dependent width. We shall mention this effect 
again when talking about the corresponding Seraphin coefficients of such a 
reflectance feature. 
Figure 5.7, showing the parameters describing the CM feature of the 
simulated R spectra, has notable similarities with Fig. 3.22 on p81, showing 
the same parameters for the measured R spectra of the 760 nm VCSEL 
wafer (although the depths of the measured R spectra are not multiplied 
by ir). In section 3.6.3 we also plotted the angle dependence of the CM 
FWHM as a function of the CM energy and compared it to a PR modulus 
spectrum showing the positions of the two QW transitions (Fig. 3.23, p83). 
We suggested that the agreement between the energies at which the CM 
FWHM was maximised and the energies of the two QW transitions was 
an indication that the CM broadening was related to the amount of QW 
absorption (aQw) at the CM energy. This follows from the fact that an 
optical cavity's Q-factor (Q = EcM/FCM) is related to the lifetime of the 
resonant photons within the cavity. [12] We can now analyse our simulated 
data to see if FcM oc aQw since aqw can be calculated using the dielectric 
function shown in Fig. 5.3 and FcM = 2YyCM can be obtained from Fig. 5.7. 
Figure 5.9 displays "cM of the simulated CM features plotted as a function of 
their CM energies (filled symbols). The upper scale shows the corresponding 
angle of incidence at which each simulation was conducted. The solid curve 
shows the absorption of the three QWs used in the structure for which the 
R spectra were simulated (calculated from the E2 in Fig. 5.3). This figure 
shows an unmistakable relationship between the two values, with l'CAf oc 
aQW and it confirms our observations of Fig. 3.23 of an absorption-induced 
cavity mode broadening effect seen in the 760 nm VCSEL. This adds further 
evidence that the effect may prove useful as a simple, non-destructive method 
for determining when VCSELs with high-quality cavities are tuned, with 
ECM = EQw. 
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Figure 5.9: Measured broadening (1'cA,, FWHM) of the cavity mode fea- 
ture in the simulated reflectance spectra of the VCSEL structure plotted as a 
function of the cavity mode energy (closed symbols). The upper axis shows 
the corresponding angles for which the simulations were conducted. Also plot- 
ted (solid curve) is the absorption (aqw) of the quantum wells used in the 
structure for which the reflectance was simulated. 
5.3.1 Modelling the simulated Seraphin coefficient lineshapes 
As was shown in figure 5.5, we can model our simulated Rc,, 71 spectra using a 
Lorentzian peak shape (Eq. 5.7). To see how this relates to the corresponding 
Seraphin coefficients we repeat the equations for these here. 
I OR 
-a 
(In R) 
R de Oe 
(5.8) 
1 DR 
_ 
ö(ln R) 
R OE 2 
(5.9) 
zz 
Writing the Seraphin coefficients in terms of the natural log of the reflec- 
tance (In R) simplifies our analysis as will become clear shortly. Now the 
Seraphin coefficients become differentials of In R with respect to the complex 
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dielectric function. Therefore, in order to find an appropriate linesha. pe for 
these differentials we must find an appropriate form for In U. Using the form 
of Eq. 5.7 for R we can see that In R is the natural log of 1+ Li, where 
Li is the imaginary part of a complex Lorentzian. Here we have taken L, 
to be a negative dip shape rather than a positive peak shape. Figure 5.10 
shows the natural log of the CM reflectance at normal incidence (1. is shown 
in Fig. 5.5). It can be seen from this that In H is also a simple dip shape 
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Figure 5.10: Natural log of the simulated normal incidence, room temperature 
reflectance of the VCSEL structure in the cavity mode region (open symbols). 
A fit using the imaginary part of a complex Lorentzian (Eq. 5.10) is also shown 
(solid curve). 
in the region of the CM. The form of In R ti ln(1 + L; ) can be found by 
writing the natural log as a Taylor expansion. However, this becomes rather 
lengthy, with high powers of L; being required. Fortunately our analysis of 
the different CM R features simulated in this study has enabled us to show 
that In R can also be fitted with a Lorentzian dip. The normal incidence In R 
spectrum in Fig. 5.10 is fitted very successfully with such a lineshape and 
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the form of the model for In R is given by equation 5.10. 
In(RCM) -2 
BrycM (5.10) QCM +7M 
Here B is the intensity and y'cM is the 1IWIIM of In R, which differs from 
the IIWIIM of R, rycA" Lem = ECM -E is the same as in Eq. 5.7, with 
the minima occurring at the same value of ECM in both spectra. When 
fitting our calculated In R spectra with Eq. 5.10 we treated the three pa- 
rameters as variable fitting parameters, with no enforced correlation to the 
values obtained from the fits to the R spectra. We should mention however, 
that a detailed mathematical analysis gives an approximate relationship be- 
tween these parameters, [13] and we give these relationships here for those 
interested. 
B. ^sIn(1-I) (5.11) 
ln(1 - I/2) ^/&m ^'cM ln(1 - I) - ln(1 - I/2) 
(5.12) 
The important finding from this is that width of the CM feature in In R, Y CM, 
is less than that in the conventional R spectrum. For example; the normal 
incidence R spectrum has a fitted amplitude (I) of 0.693. Therefore the 
square root factor in Eq. 5.12 is 0.75. Using the width of -yaM = 0.088 meV 
(from Fig. 5.7) we obtain a width of ry''M = 0.066 meV for the corresponding 
In R spectrum. Our fit to the In R(0°) spectrum shown in Fig. 5.10 has a 
IIWIIM of 0.067 meV and this in in good agreement with the predicted 
value using the relationship of Eq. 5.12. We find a similar agreement with 
the fitted intensity of this In R spectrum, where B= -1.172, and the value 
calculated using Eq. 5.11 gives B= -1.181. 
Now that we have an appropriate form for In R we can develop a model for 
the a Seraphin coefficient based on the relationship in Eq. 5.8 on page 141. 
To do this we relate the derivative with respect to sl to a derivative with 
respect to ECM since the CM energy depends on the optical thickness of the 
cavity through the relationship )cm = nd, where n is the effective refractive 
index of the cavity and d is the cavity thickness. Therefore, we may write a 
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in terms of a differential change in EGM: 
ä(1n R) 
N 
ä(1n R) 
a6l 8EcM 
(5.13) 
This differential of In R can be calculated analytically from Eq. 5.10, giving 
us a new lineshape function for a: 
a=_ 
2C -fc' 
mACM (5.14) (AcM + 7CNt)2 
Here, C is a positive amplitude and the other parameters are the same as 
those that apply to the fits of the In R spectra (Eq. 5.10). Comparing this 
equation to the form used for a in the established model (Eq. 5.1, p129) 
we see that the two are not identical. The primary difference between the 
two is the raised power in the denominator of the new a lineshape: this will 
give a sharper feature than in the established model. However, their general 
lineshape will be similar, exhibiting a dispersive-like shape due to the ACM 
term in the numerator. 
Our approach here of using a- ä(1n R)/OEcM is similar to that used 
when developing the established VCSEL PR lineshape model. However, in 
that early study the lineshape for a was approximated as simply being the 
real part of a complex Lorentzian since it was found that this was adequate 
for fitting the PR spectra of VCSELs studied at the time. [1] 
Figure 5.11 shows the simulated a coefficient of the VCSEL structure 
at normal incidence (open symbols). The calculation was done numerically 
using Eq. 5.2 on page 129, where the term Sc1 was added to el of the three 
QWs in the structure. The size of J. -1 used (Sc1 =eX1X 10"5) was 
small enough for our calculations to be within the correct limit to yield a 
good approximation to the true differential lineshapes, while large enough 
to maintain computational stability. It is clear from Fig. 5.11 that a has 
the expected dispersive form, resulting from the shifting of ECM caused by 
the differential change in the optical thickness of the cavity. The solid curve 
shows the fit using Eq. 5.14 and it is clear that it is of a very high quality. 
This shows that Eq. 5.14 is suitable for use as part of our development of a 
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Figure 5.11: Simulated room-temperature, normal incidence a Seraphin co- 
efficient of the VCSEL structure (filled symbols). The solid line shows the least 
squares fit using Eq. 5.14, as explained later. 
new VCSEL PR model. 
Figure 5.12 shows the simulated 0 coefficient of the VCSEL structure, also 
at normal incidence (open symbols). Again we used the approach of taking 
662 = e2 x1x 10-5 in order to numerically calculate , 
ß. Our simulated ,Q line- 
shape is similar to the form used in the established model, displaying a peak 
at ECA, and symmetric about that point (see Fig. 2.11, p. 36). However, it 
does differ from this, displaying two negative-going side-lobes approximately 
seven times weaker than the amplitude at ECM. These side-lobes are not 
reproducible using the established equation for 0 (Eq. 5.1, p129) and as such 
we must derive a more appropriate lineshape function. In the case of the cx 
coefficient this was simple since we were able to use the relationship between 
EcA. f and E1 in order to relate the differential with respect to the dielectric 
function to that involving Fcm. However, in the case of the /3 coefficient, 
such a relationship is not immediately clear. However, we can use an inter- 
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Figure 5.12: Simulated room-temperature, normal incidence 3 Seraphin co- 
efficient of the VCSEL structure (filled symbols). The solid line shows the least 
squares fit using Eq. 5.17 
esting finding from our Seraphin coefficient simulations in order to develop a 
model for /0. Figure 5.13 shows the simulated normal incidence Seraphin co- 
efficients of the VCSEL structure (filled symbols) using Eq. 5.2 on page 129. 
We notice that the amplitudes of the two Seraphin coefficients are similar 
for all the simulated data, and that the two lineshapes appear to resemble a 
Kramers-Kronig (KK) pair. In order to test this we numerically calculated 
the KK transforms of the simulated Seraphin coefficients using the method 
described in section 2.2.2. The energy range for each integration involved in 
the KK transforms covers the range where the Seraphin coefficients are non- 
zero. Fortunately, the coefficients quickly go to zero and so we can perform 
these finite-energy-range KK transforms without difficulty. We find an excel- 
lent agreement between the KK transforms (open symbols) and the Seraphin 
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Figure 5.13: Filled symbols show the simulated room-temperature VCSEL 
Scraphin coefficients at normal incidence in the region of the cavity mode using 
Eq. 5.2 on page 129. The solid curves are guides to the eye through the data 
points. The open symbols show the Kramers-Kronig transformations of the 
two coefficients (explained in the text). 
coefficients as shown in Fig. 5.13, with the relationships given below: 
(5.15) 
KK, -i[131 _a 
(5.16) 
Here KK,. -i implies that the transform used 
is of the form that converts a 
real component into an imaginary one. The small disagreement between the 
numerically calculated KK transforms and the simulated Seraphin coefficients 
shown in Fig. 5.13 is simply an artefact of the low number of data points 
chosen for our simulated Seraphin coefficients near to ECM, which affects the 
accuracy of the Kramers-Kronig transformations. 
Although the lineshapes for the Seraphin coefficients used in the estab- 
lished PR model (Eq. 5.1, p129) are also related by KK transforms, in prac- 
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tice there was no enforced connection applied between I and Ip when using 
this model to fit PR spectra, meaning that they were not assumed to be a 
KK pair. However, our simulations show that the coefficients are KK pairs, 
and therefore the amplitude parameters of the two coefficients must be equal. 
Although this strict constraint could make fitting certain VCSEL PR line- 
shapes very difficult, it does have the advantage of reducing the number 
of possible variable fitting parameters and this is always beneficial in least 
squares fitting algorithms. 
This study is the first time that a relationship between the Seraphin 
coefficients of a VCSEL and their KK transforms has been established and 
so it is interesting to try to establish its theoretical origin. In appendix B 
we present a mathematical explanation as to why the a and ,0 Seraphin 
coefficients of a VCSEL could be a KK pair in the vicinity of the CM. Since 
this, along with our simulations here, show that the Seraphin coefficients are 
related by KK transforms we must ensure that the lineshape model used to 
describe ß is the analytical KK counterpart of the form used for a (Eq. 5.14, 
p144). This leads us to describe 0 as being ti ä In R/ry jM (see appendix B) 
and this relationship is given by equation 5.17, where the amplitude, C, is 
the same as in Eq. 5.14 for a. 
'YcM - qcm (5.17) (A2M+7CM)2 
We can understand qualitatively why Q should be -ö In R/'y , by 
looking at Fig. 5.9 on page 141. This figure shows a clear relationship 
between the QW absorption (« e2) and the CM width in R, CM. We 
have also shown that this width can be related to the widths of In R and 
the Seraphin coefficients (Y CM) with a relation between the two being given 
in Eq. 5.12 on page 143. Therefore, we can state that -y f' e2 and so 
ß=ö In R/ö62 Nö In R/äy''M. Hence it follows that the 6 coefficient can 
be seen to arise from a modulation in the CM width, caused by a change in 
the cavity (QW) absorption. This is different to the justifications given ear- 
lier when developing the established VCSEL PR model where it was argued 
that 0 arose from a modulation in the CM depth. [14] 
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The solid curve in Fig. 5.12 on page 146 shows the fit to the simulated 
Q coefficient at normal incidence using Eq. 5.17. As was the case for the 
a coefficient, the fit is of a very high quality, indicating that Eq. 5.17 is 
appropriate for describing , Q. Comparing Eq. 5.17 with the lineshape used 
in the established model (Eq. 5.1, p129) we see that the new term again has 
the raised power on the denominator, making it sharper than the original 
term. However, the most important difference is the ycM -' M term in the 
numerator, since it is this that causes the side-lobes seen in the simulated ,ß 
coefficients (Fig. 5.12). 
Before implementing our new descriptions into a new VCSEL PR line- 
shape model we must mention one further finding. Recalling the simulated 
R spectrum in Fig. 5.8 on page 139, where 0= 40°, we mentioned that the 
Lorentzian fit using Eq. 5.7 on page 135 was not as good as in the normal 
incidence spectrum of Fig. 5.5 (p136). We believe that this is due to the 
rapidly changing QW absorption that occurs near ECM(40°) (see Fig 5.3 on 
page 134), which creates an energy dependent broadening 'y M(E), leading 
to a perturbed CM lineshape. In order to see this effect on the simulated 
Seraphin coefficients at 0= 40° we have plotted them here in figure 5.14. 
The filled symbols in Fig. 5.14 show the simulated Seraphin coefficients 
and the solid curves show the best fits achieved using the new lineshapes 
(Eqs. 5.14, p144 & 5.17, p148). As expected, since R has a slightly perturbed 
shape, (due to the occurrence of the QW absorption edge this energy region) 
the two Seraphin coefficients also show a similar perturbed behaviour and the 
fits are not of the highest quality. Fortunately, we find that we can model this 
effect by introducing a phase mixing term 0 between the relationships for 
the Seraphin coefficients. This allows us to incorporate the effect of the form 
of the QW absorption edge on the Seraphin coefficients. For example, in the 
case of the a coefficient we can account for both a change in the CM energy 
(caused by the modulation induced change to el), and also a small change in 
CM broadening caused as the CM moves to an energy where the QWs within 
the cavity have a slightly different level of absorption. This latter effect is 
what we expect to observe from a modulation induced change to e2, normally 
associated with the 0 Seraphin coefficient. It is only present here due to the 
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Figure 5.14: Simulated room-temperature Seraphin coefficients of the VCSEI, 
structure at an angle of incidence of 0= 40°(filled symbols). The solid curves 
show the least squares fits using Eqs. 5.14 and 5.17. 
rapidly changing value of the QW absorption at these energies. Therefore, 
a slight phase mixing between the two Seraphin coefficient equations can 
account for such an effect. In order to do this here we may rewrite the 
Seraphin coefficients to include ', in the form with which they will appear 
in the enhanced VCSEL PR model: 
a- i, ß= 
ice"" 
(ACA, 
- Z, ýcM)2 
(5.18) 
To show the improvement of introducing the '' mixing term into the descrip- 
tion of the Scraphin coefficients we display in figure 5.15 a fit using Eq. 5.18 
(solid curves) to the simulated 40° data (closed symbols). It is clear from 
this that by allowing a slight mixing, using a value of = 352° - -8°, we 
are able to achieve fits of a very high quality, similar to the fits achieved for 
the normal incidence coefficients (Figs. 5.11, p145 & 5.12, p146). 
The need for this phase mixing term to describe the VCSEL Seraphin 
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Figure 5.15: Simulated room-temperature Seraphin coefficients of the VCSEL 
structure at an angle of incidence of 0= 40°(filled symbols). The solid curves 
show the least squares fits using Eq. 5.18, where the phase mixing parameter 
(zP) has a value of 352°. 
coefficients may have an important repercussion for the analysis of measured 
PR lineshapes in particular, the use of the anti-symmetry theory for deter- 
mining when VCSELs are tuned. [15] This is because in any VCSEL which 
demonstrates a clear relation between the CM broadening and the QW ab- 
sorption (such as this one) the symmetry of the overall lineshape may be 
distorted by this phase mixing. When attempting to fit our measured PR 
of the 760 nm VCSEL wafer with the model developed here we shall also 
investigate the symmetry of the PR lineshape when ECM=EQw to see if it 
is antisymmetric or not. 
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5.3.2 An enhanced modulated reflectance lineshape model for 
VCSELs 
The PR signal from a single layer in a structure can be written as equa- 
tion 5.19. 
LR/R = Re [(a - i, ß) (Del + ize2)] (5.19) 
Substituting our new model for the VCSEL Seraphin coefficients (Eq. 5.18) 
into this gives us the new, enhanced model for the PR of a VCSEL: 
OR 
_ Re[(a - i, ß)(Del + iie2)] 
C e'ý 
(5.20) 
= Re LCM 
- 21'CM)2 /\ (AQW + iyW )" 
Here, as in the established model, we have used Aspnes' TDFF lineshape 
function [16] to describe the modulated dielectric function of the QW. Note 
that the amplitude of the TDFF has been absorbed into the amplitude of the 
Seraphin coefficients, C. Furthermore, the phase of the TDFF has been rede- 
fined to include the Seraphin coefficient phase mixing term, ? i, of Eq. 5.18. In 
order to include multiple QW transitions (i. e. e1hh1 and ellhl) the Del+iA62 
term can be modified to include a linear sum of individual TDFF lineshapes. 
5.4 Application of the new model: fitting the temper- 
ature dependent PR of the 760 nm VCSEL 
Now that we have developed a new VCSEL PR model using Scraphin coeffi- 
cients based on those observed in our simulations of a VCSEL structure very 
similar to that of the 760 nm VCSEL wafer investigated in chapter 3, we are 
now in a position to use it to fit those measured PR spectra. In this fitting 
of the measured PR we shall assume that the three QWs in the sample give 
the same contribution to the total PR, meaning we can use one single PR 
equation. We shall focus on fitting the high resolution, temperature depen- 
dent PR spectra of section 3.5, as opposed to the convoluted, low resolution 
angle dependent spectra of section 3.4, since the effects of the convolution 
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have not, been considered in our new PR model. 
Our first spectrum fitted with the enhanced lineshape model of Eq. 5.20 
is the nieasurenient recorded at a temperature of 150 °C. We showed previ- 
ously how the established model was unable to reproduce the PR lineshape, 
especially when we constrained the QW energies to near their known values 
(Fig. 5.1, p126). Figure 5.16 shows this T= 150 °C, normal incidence PR 
measurement again (closed symbols) along with our earlier, unsuccessful, un- 
constrained fit using the established model (dashed curve). Also shown is the 
fit obtained using the new model (solid curve) with two TDFFs representing 
the QW cih/ai and eilhi transitions. In this fit all parameters (except for the 
exponent it, which was fixed at 2.0) were allowed to vary freely. It is clear 
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Figure 5.16: Measured normal incidence PR of the 760 nun VCSEL wafer 
recorded at 150 °C (filled symbols). The elhhl transition region below 1.618 eV 
has been magnified for clarity. The constrained least squares fit of the established 
model (Eq. 2.18, p. 37) is shown (dashed curve) as is the unconstrained least 
squares fit achieved using the enhanced lineshape model of Eq. 5.20 on page 152 
(solid curve). The arrows mark the energies of the cavity mode and two quantum 
well transitions obtained from the enhanced model fit. 
froi, i this that the new fit is of a very high quality in both the magnified 
X10 
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region near the e1hh1 QW transition, and in the region of the CM, the fit 
reproduces the lineshape almost perfectly. In particular, the fit is able to 
reproduce the positions and amplitudes of the three lobes seen near the CM. 
We believe that it is the presence of the side-lobes in the form of the new 
ß coefficient that allows for such a high quality fit. Furthermore our fitted 
parameters agree well with our findings in section 3.5. The fitted value of 
the e1hh1 transition energy. is 1.610 f 0.001 eV and this agrees very well 
with the estimation of 1.613 ± 0.005 eV from Fig. 3.14 on page 70. Also, the 
fitted value of the ellhl transition is 1.624 ± 0.001 eV, some 14 meV above 
the e1hh1 energy. This energy difference is the same as that observed in the 
low resolution angle dependent PR spectra shown in Fig. 3.7 on page 59, 
indicating that the ellhl fitted energy is also at the expected value. Also 
from Fig. 3.14 we know the expected value for ECM is 1.6267 ± 0.0002 eV, 
which agrees very well with our fitted value of 1.6266 ± 0.0001 eV. Therefore 
it seems that this model, using the new Kramers-Kronig pair Seraphin coeffi- 
cients, is able to reproduce the complex detail of the PR lineshapes observed 
for this high-quality 760 nm VCSEL. As we shall shortly demonstrate, simi- 
larly successful fits using this model were obtained in the temperature range 
T= 100 - 180°C. 
Despite the success of the new model at reproducing the lineshape of 
the T= 150 °C measurement, and others too, it is clear from Fig. 3.11 on 
page 66 that the lower temperature PR measurements (T < 70°C) are of a 
form that cannot be reproduced using Seraphin coefficients whose amplitudes 
are strictly related via the Kramers-Kronig relations. For example, in the PR 
spectrum measured at T= 50 °C, the lineshape is a simple peak near ECM. 
This indicates that here the ß term dominates over the a term. Furthermore, 
the PR does not show any side-lobes near ECM, indicating that the O term is 
likely to resemble the form of the original coefficient used in the established 
model discussed in section 2.2.4. In order to discover the reason for this 
we extended our R simulations to also include the perturbing GaAs cap 
layer present in the 760 nm VCSEL which was omitted in the process of 
establishing Eq: 5.20 on page 152. Figure 5.17 shows the resulting simulated 
Seraphin coefficients for the normal incidence, room temperature condition. 
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From this we can see that including the GaAs cap layer has indeed had a 
pronounced effect on the Seraphin coefficients (c. f. Figs. 5.11, p145 & 5.12, 
p146 which give the same results but with the GaAs cap omitted). Now 0 
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Figure 5.17: The solid symbols show the Simulated room temperature, nor- 
mal incidence Seraphin coefficients of the VCSEL structure, now including a 
GaAs cap layer similar to the one present in the 760 nm VCSEL wafer. The 
solid curves are a guide to the eye. 
is considerably larger in magnitude than a and it has a simple dip shape, 
with no side-lobes. This is consistent with the observations of the lower 
temperature PR measurements (T < 70 °C) of the 760 nm VCSEL wafer 
(Fig. 3.11, p66). The a coefficient is relatively unaffected by the inclusion 
of the GaAs cap layer and its profile remains the same. We find from our 
simulations at higher angles of incidence, when the CM is closer to the QW 
transitions, that the effect of the cap layer on the 0 coefficient is much less 
significant. Therefore, we believe that for the 760 nm VCSEL the Seraphin 
coefficients are most noticeably perturbed by the presence of the cap layer 
when the CM energy is in a region of low QW absorption. In order to 
overcome this complication, which is possibly unique to this sample, we use 
a `hybrid' model to describe the PR at the lower temperatures. This hybrid 
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model contains two terms for each Seraphin coefficient; one from the new, 
enhanced model of Eq. 5.18 on page 150 (CYnewýNnew) and the other based on 
the Seraphin coefficients of the established model (Eq. 5.1, p129). However, 
in order to describe the perturbation of the cap layer we have empirically 
included an exponent m in the denominators of these extra terms. The two 
Seraphin coefficients for this hybrid model are then given by equations 5.21 
and 5.22. 
aH =anew + la 
OcM 
(5.21) (ACM + y2M)m 
-Ir', it f( PH = ßnew + Iß/ 2 ý, ý m 5.22) \OcM + QCM) 
When fitting our measured PR spectra of the 760 nm VCSEL wafer we find 
that this approach is very successful if we use an empirical value of m=1.1 
rather than the value of 1.0 used in Eq. 5.1. 
Figure 5.18 shows a fit using this hybrid model (solid curve) to the mea- 
sured PR at T= 50 °C (open symbols). Here the Seraphin coefficients are 
dominated by the second terms in Eqs. 5.21 and 5.22, with C=0.002 and 
Ip = 0.19. At this temperature the CM is at a much lower energy than 
the e1hh1 transition so does indeed lie in a region of low QW absorption. 
From Fig. 3.14 on page 70 we estimate their separation to be - 22 meV. 
It is clear from the fit that the hybrid model approach has worked well as 
a method for describing this PR spectrum. Near the CM the fit reproduces 
the simple peak shape, while also reproducing the amplitude and shape of 
the eihhl feature. From the fit we obtain a value of ECM = 1.6372 eV and 
this is very close to the value of 1.6374 eV measured in the R measurement 
shown in Fig. 3.13 (p69). For the e1hh1 transition we obtain a fitted energy 
of 1.660 eV, in good agreement with the estimated value of 1.659 ± 0.002 eV 
from Fig. 3.14. In the fit of Fig. 5.18 the ellhl transition, which lies approx- 
imately 14 meV above the e1hh1 transition (see Fig. 3.7, p59), could not be 
reliably included since its contribution was too small to the overall lineshape 
(a result of the large separation between it and the CM). 
Figure 5.19 shows examples of the fitted PR spectra of the 760 nm VCSEL 
over the temperature range 60 <T< 180 °C. [17] For clarity, each successive 
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Figure 5.18: Measured normal incidence PR of the 760 nm VCSEL wafer 
recorded at a temperature of 50 °C (open symbols). The e1hhi transition 
region has been magnified for clarity. The least squares fit using the `hybrid' 
model as described in the text is shown by the solid curve. The arrows mark the 
energies of the cavity mode and heavy-hole quantum well transition obtained 
from the fit. 
spectrum is vertically offset from the previous one by an amount relative to 
the corresponding temperature change. Above 100 °C the fits use only the 
new model, with the KK pair Seraphin coefficients described by Eq. 5.18 
on page 150. Below 100 °C the fits required the use of the hybrid model 
of Eqs. 5.21 and 5.22 on page 156. In all the fits we used a value of 2.0 
for the exponent n in the TDFFs (see Eq. 5.20) describing the De terms of 
the eih. h. i and eilhi transitions. It is clear from Fig. 5.19 that the fits are 
of a very high quality over the large range of temperatures shown. Before 
looking at them in detail it is useful to compare the amplitudes obtained 
from the fits of the newly developed Seraphin coefficients (C) with those 
of the added terms in the hybrid model I,, and Ip in Eqs. 5.21 and 5.22. 
Each parameter used in the fits of the T dependent PR spectra is listed in 
table 5.3. These were all free to vary during the least squares fitting of the 
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model. It is clear from this that the hybrid model is most influential at lower 
temperatures, where 1p is largest. This corresponds to the conditions where 
the CM is in a region of low QW absorption, where our simulations indicate 
that the Seraphin coefficients are influenced by the cap layer (Fig. 5.17, 
p155). I/ quickly reduces in magnitude with increasing temperature as the 
PR lineshape becomes influenced by the presence of the QWs as the QW- 
CM detuning is reduced. Then the new form Seraphin coefficients (Eqs. 5.14 
and 5.17) begin to dominate over this 1Q contribution. 1, only ever has a 
small value and its contribution is minimal compared to the added 0 term 
(see table 5.3). Figure 5.20 shows Ifi and C plotted as a function of energy. 
Close to room temperature Ip is particulary large and we have to magnify 
C so that it is visible on the vertical scale used. However, the very rapid 
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Figure 5.20: Variation of C, the Seraphin coefficient amplitude of the en- 
hanced model (filled circles) and IQ, the amplitude of the 3 coefficient added 
to give the `hybrid' model (filled squares). The values were determined from 
the least squares fits described in the text. 
decrease of IQ is clear and from table 5.3 we can see that the two amplitudes 
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become comparable when T 80 °C. Above this temperature, C> Ip and 
eventually Ip -º 0 at 100 °C. This smooth transition from the hybrid model, 
dominated initially by the added term with amplitude I#, to exclusively the 
new model at T= 100 °C, suggests that the use of the hybrid model is 
acceptable for this sample. 
Returning to the example PR spectra in Fig. 5.19 we see that throughout 
the range of temperatures shown the fits are of a very high quality. For 
the spectra in which elhhl is well separated from ECM we have magnified 
the region of the QW transition. These spectra in particular (ie. at T= 
60,160, & 180 °C) show how the fits are able to reproduce the lineshapes of 
both the CM and QW features. It is interesting to note that the PR near 
the e1hhi feature can be seen to have approximately the same profile in these 
magnified areas. This is a result of the large separation between the transition 
and the CM here, so that near the transition the Seraphin coefficients are 
slowly varying constants (similar to the PR of bulk materials [18]). Therefore, 
the PR lineshape near these magnified regions (e. g. near 1.655 eV at 60 °C) 
is virtually a linear combination of Ael and 062 for the QW transition. 
As the VCSEL sample is heated above 60 °C the e1hh1 PR feature can no 
longer be easily seen due to the interaction with the Seraphin coefficients of 
the CM feature. At around 80 °C, for example, the two features are separated 
by an amount (-14 meV) comparable to the sum of their HWHMs (r9 meV- 
table 5.3). As the sample is heated further the PR lineshape changes very 
rapidly as elhhl is tuned through ECM. This apparent `phase rotation' of the 
PR near the CM is not actually due to changes in 0, the phase of the e1hh1 
De term, which can be seen to be approximately constant from table 5.3. 
The effect is actually caused by the movement of the multiplicative e1hh1 AC 
term through the very sharp and detailed CM Seraphin coefficients. 
The dashed lines in Fig. 5.19 show the fitted values of ECM and the ener- 
gies of the two QW transitions. We were only able to reliably fit the ellhl for 
a small range of temperatures (120: 5 T< 160 °C) where it was close enough 
to the CM to have a noticeable effect on the overall PR lineshape. For tem- 
peratures outside this range we have linearly extrapolated the temperature 
dependence of ellhl and this is shown by the dotted lines. 
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Figure 5.21 shows the fitted energies, along with the broadening of the 
Seraphin coefficients (y'ý. Ai) obtained from the least squares fits. it, is clear 
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Figure 5.21: The closed symbols show the cavity mode and quantum well 
transition energies obtained from the fits to the measured temperature depen- 
dent PR spectra of the 760 nm VCSEL. The open circles show the correspond- 
ing half width at half maximum parameter of the Seraphin coefficients, 
The lines and curve are guides to the eye through the data points. 
that these parameters evolve in a smooth and physically plausible way the 
expected behaviour from an appropriately applied lineshape model. We 
see from Fig. 5.21 that EGAf and EQw (el hhl) become equal at a temper- 
ature of 109 f2 °C, with the tuned energy equal to 1.6318 ± 0.0002 eV. 
This is close to the temperature and energy determined from Fig. 3.14 on 
page 70 (T = 111 ±5 °C, E=1.631 f 0.002 eV), where the ECA f val- 
ues were determined directly from the measured /3 spectra and I Qw was 
linearly interpolated between temperatures at which the PR modulus spec- 
tra could yield a value for the QW transition energy. Adding linear trends 
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to the fitted ECM and EQW(elhhl) values shown in Fig. 5.21 we find re- 
spective temperature coefficients of AEc, /OT = -0.11 ± 0.01 meV °C-1 
and AEQW/OT = -0.52 ± 0.01 meV °C-1, which compare very well with 
the values of AEcM/OT = -0.11 ± 0.01 meV °C-1 and AEQw/LT = 
-0.50 ± 0.01 meV °C-1 determined from Fig. 3.14. 
The temperature at which we find ECM = EQW in Fig. 5.21 is slightly 
lower than the value of T= 113.5 ± 0.5 °C, as determined from the evaluation 
of the lineshape symmetry obtained by fitting the PR with a single empirical 
TDFF (Fig. 3.17, p75). We believe that this small difference of -5 °C 
is due to a slight distortion of the CM R feature in the present VCSEL 
caused by the excitonic peaks in the QW absorption spectrum. We saw 
this effect in our R simulations (Fig. 5.8, p139) and found that we could 
account for it by incorporating a phase mixing term (, i) into the Seraphin 
coefficients (see Eq. 5.18 on page 150 and Fig. 5.15 on page 151). As we 
mentioned previously, the addition of such a term could have implications 
for the antisymmetry theory of VCSELs. This is because the theory that a 
VCSEL PR lineshape becomes antisymmetric when ECM = EQW is true for 
VCSELs with Seraphin coefficients that contain no phase mixing (i. e. of the 
form of the established model, Eq. 5.1 on page 129). [15] Therefore, our fitted 
TDFF phase parameter, ¢, may contain some small, unknown varying value 
7', 1with the result that the PR lineshape is not quite perfectly antisymmetric 
when Ecjf = EQW. This effect, however, is only slight and our results 
confirm that antisymmetry is a good and simple indicator for judging when 
Ecitr = EQw" 
Also shown in Fig. 5.21 is the fitted energy of the ellhl transition. We 
were only able to fit this transition with confidence in the range 120 <T< 
160 °C where it had a noticeable effect on the PR lineshape. We find that 
it becomes tuned to the CM at an energy of 1.6272 ± 0.0002 eV, when 
T=143 ± 2°C. 
Looking at Fig. 5.21 we see that the fitted HWHM values of the VCSEL 
Seraphin coefficients (y'cM) show two peaks, not dissimilar to the behaviour 
of ycM measured directly from the R spectra (Fig. 3.24, p84). This is not 
surprising since we have already shown that there is a relation between ry'eM 
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and rycM (Eq. 5.12, p143). The main peak in ryCM occurs when T " 115 °C, 
close to where we find that EcAf = EQw(elhhl). The second, smaller peak, 
occurs at T- 145 °C and this coincides with the temperature of T= 
143 ±2 °C at which our fits show EE, 11 = EQw(ellhl). 
5.5 Conclusions 
Our simulations of the reflectance of a VCSEL structure chosen to be almost 
identical to the 760 nm VCSEL sample studied in chapter 3 have shown 
that the CM R feature can be well modelled using a Lorentzian dip shape 
(Fig. 5.7, p135). Using the model of Tanguy et al. [4] we have been able 
to include an appropriate dielectric function for the QWs in the reflectance 
simulations of this VCSEL structure. By varying the angle of incidence in our 
simulations we were able to tune the VCSEL CM through the two included 
QW transitions and, from analysis of the fitted widths of the CM features, we 
observed a clear maximum in the CM dip broadening when the CM energy 
was tuned to either of the two QW transitions (Fig. 5.9, p141). This is 
evidence for the cavity mode broadening effect seen in the 760 nm VCSEL 
sample (Figs. 3.23 on page 83 & 3.24 on page 84), and implies that the width 
of the CM feature is indeed proportional to the level of absorption due to 
the QWs in this VCSEL structure. 
We have also used these R calculations to simulate the modulated reflec- 
tance Seraphin coefficients of the VCSEL structure. The resulting lineshapes 
demonstrated attributes that differed from those proposed empirically in the 
older established model. The a coefficient (Fig. 5.11, p145) appeared sharper 
than before and ß in particular was more complex, displaying side-lobes that 
could not be reproduced using the established model (Fig. 5.12, p146). We 
were able to write down expressions for the Seraphin coefficients, after find- 
ing that the natural log of the simulated reflectance could also be fitted 
with a Lorentzian dip (Fig. 5.10, p142). For a we used the approximation 
that aR/äe1 - aR/aEcM, giving us a simple equation for this coefficient 
(Eq. 5.14, p144). A similar expression for 8 was derived (Eq. 5.17, p148) 
using the approximation aR/a62 N aR/arycA1. The reasoning for this ap- 
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proximation being justified on the basis that the width of the CM reflectance 
feature is related to the value of the QW e2 at the CM energy (Fig. 5.9, p141). 
Furthermore, we find that the simulated Seraphin coefficients are Kramers- 
Kronig pairs and we were able to demonstrate analytically why this could 
be so for a VCSEL (appendix B). We were then able to insert these new 
lineshapes for the Seraphin coefficients (including a phase mixing term to 
include the effect of energy dependent CM broadening) into the PR equation 
to give an enhanced VCSEL PR lineshape fitting model (Eq. 5.20, p152). 
Once this new PR model was established we were able to use it to fit the 
temperature dependent PR spectra measured for the 760 nm VCSEL sample. 
We found that for temperatures above 100 °C we were able to fit all the PR 
spectra very successfully (Fig. 5.19, p158), indicating that the new model was 
very appropriate for the sample. For lower temperatures, however, we found 
that we had to use a `hybrid' model to model the measured spectra. This 
essentially involved adding a simple empirical peak-like term to the new 0 
coefficient, somewhat akin to the older empirical form for 0. Our reflectance 
simulations confirmed that this modification to the model was required only 
because of the GaAs cap layer present in this 760 nm VCSEL. This suggested 
that such a hybrid model would only be necessary in samples containing a cap 
which, like the present one, noticeably altered the profile of the reflectance 
spectra. 
We believe, on the basis of the work carried out in this chapter, the new, 
more rigorous VCSEL PR model will be most appropriate when applied to 
VCSELs with sharp CM features, such as the 760 nm VCSEL studied in 
chapter 3. Furthermore, the side-lobes we see in the 6 coefficient can only 
be explained if the cavity absorption and CM broadening are related in the 
fashion that we have established here. Therefore, we believe if a VCSEL 
sample displays this CM broadening effect, it will also exhibit PR spectra 
best described using the enhanced model developed here. 
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6 Mid-infrared photomodulated reflectance of 
InAs-rich InAsSb and GaInAsPSb alloys 
6.1 Introduction 
In this chapter we investigate the band structures of a selection of topical 
narrow gap semiconductors. Unlike the materials studied in the previous 
chapters, light emitted from narrow gap semiconductors appears in the mid- 
infrared (MIR) region of the electromagnetic spectrum (2-10 µm). For light 
to be emitted within the MIR, the band gap of a radiating semiconductor 
must be of the order of a few hundred meV, compared to semiconductors 
which emit light in the visible spectrum, which have band gaps of over a 
thousand meV. This is the reason why MIR emitting semiconductor materials 
are referred to as narrow gap semiconductors. 
The MIR is a topical area of research owing to the number of interest- 
ing applications which exist in this part of the electromagnetic spectrum. 
One such application is gas sensing; many gases appearing in the Earth's 
atmosphere have strong absorption lines within the MIR and some of these 
are illustrated in figure 6.1. [1,2] In this figure the lower axis represents the 
energy (in meV) of the absorption lines, and the upper axis gives the equiv- 
alent wavelength in microns (pm). Developing semiconductors to generate 
light at the wavelengths of these absorption lines provides potential candi- 
date materials for gas sensing devices. Since the gases shown in Fig. 6.1 play 
important roles in atmospheric pollution, interest in producing semiconduc- 
tors emitting light within this 3-5 pm MIR region is high (SO2 for example is 
a major cause of acid rain [3] and CO, CO2 & C1I4 are known to contribute 
to the atmospheric greenhouse effect [4]). 
As well as the gas sensing applications which lie primarily in the 3-5 µm 
wavelength region, there are other interesting applications which may poten- 
tially utilise the wider MIR spectrum. Free space optical (FSO) communi- 
cation is one such application, involving line of sight communication using 
lasers or LEDs. FSO communication is already used- in both military and 
commercial contexts (see Ref. [5] for example). These systems currently use 
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Figure 6.1: Locations of selected mid-infrared gas absorption lines appearing 
in the Earth's atmosphere. The lower scale shows the energy of the absorp- 
tion lines (in meV) and the upper scale (non-linear) shows the corresponding 
wavelengths (in µm). 
near-infrared technology and their effective ranges are limited to a few kilo- 
meters. The MIR spectrum is attractive for FSO communication since at 
certain MIR wavelengths the atmosphere is > 80% transmissive (compared 
to just 60% in the visible spectrum (at 610 nm). [6] These 'optical windows' 
in the atmosphere are ideal for FSO communication since the low-loss factors 
gives the potential for networks to span great distances. 
To date, the majority of work on narrow gap semiconductors have used 
conventional techniques such as photoluminescence (PL) spectroscopy to 
study the properties of the materials. [7,8,9,101 Such studies are useful 
for determining the fundamental Eo band gap of a material. However. they 
cannot be used to determine the energies of higher-order transitions and so 
the level of information that can be determined is limited. As discussed 
in section 2.2, the technique of modulation spectroscopy allows greater de- 
tail regarding a semiconductor's band structure to be determined, making 
it a very powerful technique for material characterisation. Early electrolytic 
technique electromodulated reflectance (ER) studies of InAs and InSb yielded 
168 
240 280 320 360 400 
6. Mid-infrared photomodulated reflectance of InAs-rich InAsSb and GaInAsPSb alloys 
good results. However, these studies were limited to measuring at energies 
above 1 eV (1.24 µm) due to the transmission properties of the electrolytic 
solutions used. [11] A more recent ER study in 1992 of InAsSbP grown on 
InAs using transparent, conductive Cu2S Shottky barriers evaporated onto 
the sample surface yielded results for both the E0 and Eo+Ao band gaps. [12] 
These measurements included spectra at energies as low as 500 meV (2.5 µm) 
demonstrating the viability of ER in the MIR. By requiring a conductive coat- 
ing to be evaporated onto a sample's surface such ER measurements involve 
a certain level of sample preparation work and as a result the measurements 
are generally considered to be destructive to the sample. In 1997 Lin et al. 
overcame this problem by demonstrating the first use of photomodulated re- 
flectance (PR) in the MIR, when they reported PR measurements on InAs 
samples. [13] Our studies follow on from the initial work of Lin et al. and in 
the next section we describe our MIR PR experimental technique. 
6.2 Mid-Infrared PR Experimental Technique 
Figure 6.2 shows the MIR PR experimental setup developed here. Unlike the 
step-scan Fourier-transform (FTIR) system developed in our group by Mer- 
rick et at., [14,15] the system used here employs grating spectroscopy. While 
the FTIR system is particulary suited to measuring in the mid-infrared, it is 
not so effective at shorter wavelengths, and as such we developed the grat- 
ing MIR PR system to cover both the near and mid-infrared spectrum. Lin 
et at. also used a grating spectrometer to measure the first MIR PR results 
for InAs, proving that grating spectroscopy PR could be conducted at wave- 
lengths as long as 3.5 pm. [13] 
In our experimental setup we monochromate light at MIR wavelengths 
using a Triax 320 spectrometer fitted with a grating blazed at 5 µm. For 
measurements in the near-infrared (800-2000 nm) we use a grating blazed 
at 1.5 jim. Unlike Lin et at., who used a ceramic Nernst element as their 
MIR light source, we use a standard 100 W tungsten element in halogen gas 
with a quartz glass bulb (QTII source). We found that we could achieve 
useful light output as far out as -4.8 pm with the QTH source, which is 
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Figure 6.2: Mid-infrared photomodulated reflectance experimental setup de- 
veloped for these studies. 
acceptable for these studies. This upper wavelength limit is restricted by 
the the properties of the quartz bulb which stops transmitting near 3.5 /tin. 
We suggest the extended output of the QTH source (to -4.8 jim) that, we 
see is partly due to infrared blackbody-like emission from the hot source as 
apposed to photons emitted directly from the tungsten filament and through 
the glass. Manufacturers of spectroscopic light sources claim that this makes 
standard QTH bulbs good IR sources. [16] We find the main advantage of 
using a QTH source rather than a Nernst element is that the visible output of 
the filament can be used to trace the light path through the experiment. This 
simplifies the process of optimising the experimental setup, which is crucial 
in PR spectroscopy since the pump and probe beams must be well-aligned 
on the sample surface. 
Rather than using lenses in the setup we use off-axis 90° parabolic mirrors 
to collimate and focus the light. Although the experimental setup is slightly 
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complicated by using mirrors rather than lenses, we find the high collection 
efficiencies of the reflectors is an advantage. The light path can be seen in 
Fig. 6.2, where each mirror diverts the light path by 90°. It is important to 
use the 90° mirrors in this way to minimise any abberation caused by the 
reflectors. 
For our modulation source we use aN 10 mW HeNe laser, emitting light 
at 633 nm, in the same way as in our conventional visible/near-infrared PR 
experiments. During experiments at low temperatures (T < 50 K) it is 
often necessary to use neutral density (ND) filters to reduce the intensity 
of the modulation laser so that the large background levels can be reduced 
to manageable levels. These backgrounds are caused by PL emitted from 
samples, which is strongest, and most detrimental to the PR signals at low 
temperatures. In order to cool samples below room temperature, and to 
as low as 10 K, we mounted them in a closed cycle Helium cryostat. The 
window of the cryostat is made from quartz, which, due to the presence of 
water within the glass, has poor transmission properties near 2.74 pm. This 
is illustrated in figure 6.3, where the measured transmission of the cryostat 
window is plotted. It can be seen that the transmission reduces from greater 
than 80% to around just 20% as a result of the water in the quartz glass. 
Although not ideal, luckily this does not particulary effect us here since the 
poor transmission is confined to just a small wavelength region (2.6-2.9 pm). 
When conducting grating spectroscopy it is necessary to use order-sorting 
filters so as to cut-out any light diffracted at high-orders. This is particularly 
important in our MIR studies, since much of the emission from the QTH 
source appears in the visible spectrum. Sourcing order-sorting filters for 
the MIR spectrum is difficult since traditional coloured glass filters are not 
very transmissive at these wavelengths and filters based on -interference or 
scattering principals tend to be costly. Therefore, in terms of this problem, 
it would have been beneficial to use a cooler Nernst source, which would 
emit less photons in the visible waveband than a QTH source. However, we 
opted to use the QTII source to ensure we obtained the best possible optical 
alignment in our PR experiments. 
We use a piece of high-purity epitaxial GaSb on GaAs as an order-sorting 
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Figure 6.3: Measured transmission of the quartz cryostat window used in the 
mid-infrared photomodulated reflectance experimental set up. 
filter, placed in front of the detector. This cut., out much of the light at 
wavelengths shorter than -1.7 µm by the process of absorption. Figure 6.4 
shows the measured transmission of this filter. As can be seen from this 
figure, at energies higher than the band gap of GaSb (dashed vertical line) [17] 
the transmission of the filter is low since the light is absorbed within both 
the GaAs substrate and the GaSb epilayer. At the band gap energy of GaSb 
the transmission rapidly increases as light with lower energies than the hand 
gap is able to pass through the material (unless reflected). 
During the experiments conducted in this work the piece of GaSb on GaAs 
was the longest wavelength filter we had at our disposal. Our attempts to 
use InAs samples as filters were unsuccessful due to the absorption of longer 
wavelengths in the material caused by the presence of free-carriers. Even in 
samples with low doping concentrations this free-carrier absorption was found 
to be a problem. Using a classical description of the free-carrier absorption 
process it can be shown that the strength of the absorption increases with 
the second power of the wavelength. This makes it a particulary prominent 
process in narrow gap semiconductors such ,,, is InAs. [18] 
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Figure 6.4: Measured transmission of the GaSb on GaAs filter used to cut out 
the short wavelength light in the mid-infrared photoniodulated reflectance ex- 
perimental setup of this work. The dashed vertical line shows the fundamental 
hand gal) of GaSb at room temperature. [17] 
In order to detect the MIR reflectance and PR signals we use a Cincinnati 
Electronics InSb photodiode, cooled using liquid nitrogen to 77 K to improve 
its performance. 
6.3 Sample Details 
Before discussing the measured results, we shall first discuss the two series 
of samples studied here. 
6.3.1 InAsSb Samples 
The first series of samples studied in detail using our MIR PR setup is a set 
of seven InAs-rich InAsl_., Sbx samples grown on InAs by Molecular Beam 
Epitaxy (MBE). The samples were grown by the National Taiwan University 
and supplied to us by Lancaster University in the UK. 
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InAsl_,; Sbz is an important semiconductor alloy for MIR applications and 
devices [19,20,21] owing to the wide range of band gap energies that can be 
achieved by varying the Sb content. InAs has a room temperature band gap 
of 354 meV (3.5 pm) and that of InSb is just 174 meV (7.1 pm) - the smallest 
band gap (longest wavelength) of all the binary III-V semiconductors. [17] 
Therefore, both constituent binary semiconductors have their band gaps in 
the MIR. Furthermore, the strong positive bowing 1 observed for the ternary 
band gap energy means that for certain Sb concentrations the band gap of 
the alloy is- smaller than that of InSb. [22] For example, when x= 63%, 
InAsl_ySby has a room temperature band gap of just 84 meV (14.714m). [17] 
The first column in table 6.1 on page 185 gives the names of the samples 
to which we will refer throughout this work. The next two columns give two 
possible values for the Sb content of each sample, as determined by X-ray 
diffraction measurements carried out by the National Taiwan University. The 
reason for quoting two values is related to the possibility of strain within the 
epilayers which may exist due to the large lattice mismatch between InAs 
(6.0583 A) and InSb (6.4794 A). [17] Note: these are the room temperature 
lattice constant values. The second column in the table gives the concentra- 
tions assuming that the InAsl_1Sbx epilayers are fully-relaxed, whereas the 
third column gives the concentrations assuming that they are fully-strained. 
This limitation of the particular X-ray diffraction technique used to char- 
acterise the samples is a potential problem since the range of possible Sb 
concentrations for each sample is large. For example, sample R1966 has a 
range of concentrations from 11.0% <x< 22.5% and the actual value will 
depend on the level of strain within the epilayer. Fortunately, the InAsl_xSbt 
epilayers in these samples have been grown to 0.5 pm thickness, and layers 
this thick are likely to be relaxed, with dislocations near the InAsl_,, Sbx/InAs 
interface taking up much of the strain. We can make this assumption be- 
cause the layers are -5 times thicker than the estimated critical thicknesses 
of the epilayers [23] and for such thick layers one may well expect near full 
relaxation to occur. [24] Therefore, we shall make the assumption here that 
1See appendix C on page 253 for an explanation of the bowing behaviour in ternary 
semiconductors. 
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the layers are fully-relaxed and utilise the Sb concentrations in column two 
of table 6.1. Without meaning to preempt the major findings of this chapter 
at this early stage we note here that even if the materials were fully strained 
our key findings would still hold, with any strain-induced effects being less 
than the alloy-dependent effects of interest in this work. Therefore, our as- 
sumption that the layers are fully-relaxed does not pose a significant risk to 
our findings. We shall return to this point when discussing the results later 
in the chapter. 
The principle reason for studying this series of InAsl_. Sbx samples here 
is to use MIR PR for the first time to measure both the fundamental band 
gap energy (Ea) and the spin-orbit splitting energy (Do) of these materi- 
als. There is a reasonable amount of information regarding Eo in the liter- 
ature, [22,25,26] based on both transmission and PL measurements. The 
more recent measurements of E0 as a function of Sb content yield similar 
values to each other for the band gap bowing parameter in InAsl_,, Sb-,, 
and the review by Vurgaftman et al. recommends using a value of -y(E0) = 
+670 meV. [17] Note: throughout this chapter we shall use ry to represent the 
bowing parameter so as to be consistent with the equations in appendix C. 
While much information regarding Eo in InAsSb exists in the literature, 
the same is not true for the value of Do. The first value for the bowing 
of the spin-orbit splitting energy (7(Do)) in InAsl_-, Sb. was reported by 
Berolo and Woolley in 1972 [27] and was based on samples grown by the 
Horizontal Bridgman technique. [22] The authors presented results for the 
values of Do based on electroreflectance measurements (although none of 
their measured spectra were shown) which indicated that the bowing-was 
-y(Do) = +1170 meV. This large, positive bowing is the largest of all the 
ternary alloys [17] and the authors suggested that the bowing (and similar 
positive bowing observed by them in other ternary alloys) was a result of 
band mixing effects and disordering within the lattice. [28] 
Several authors have since questioned the results of Berolo and Woolley, 
remarking that a positive bowing (i. e. ry(Ao) > 0) is not predicted for ordered 
systems. Siggia notes that his calculations can only demonstrate the bowing 
observed by Berolo and Woolley if he doubles the value of the Kane-formula 
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conduction band effective mass, which would then disagree with the experi- 
mentally measured effective mass value. [29] In the early 1980's, as researchers 
began studying more complex quaternary alloy systems such as InGaAlAs 
and InGaAsP, authors began reporting values of y(AO) < 0, [30,31,32] which 
did not fit with the findings of Berolo et al. from their earlier measurements 
on ternary alloys. [27,28] This prompted Wei and Zunger to conduct self- 
consistent electronic-structure calculations for ordered ternary alloys, the re- 
sults of which predicted that y(Ao) < 0. [33] For InAsl_. Sb,, they were able 
to show that an unphysically large interband mixing of 48% was required 
to obtain the large positive bowing reported by Berolo and Woolley. [27] 
They suggested a possible cause of the strong positive bowing seen by Berolo 
and Woolley could be sample inhomogeneity and recommended conducting 
measurements of AO in homogeneous, epitaxial samples. 
By studying the series of high-quality, epitaxial InAsl_,, Sbx samples here 
we hope to determine if the bowing of Oo is large and positive as per 
Berolo and Woolley [27] or if it is indeed negative as predicted by Wei and 
Zunger. [33] Within our series of InAs-rich samples the Sb content ranges 
from 0% to 22.5% and this will hopefully be extensive enough to gain insight 
into the behaviour of Do with Sb content in InAsl_xSbx. 
Since our ý focus in this chapter is primarily on the fundamental band 
structure of the InAsl_., Sbx ternary alloy, and specifically how Ao varies 
across the alloy range, we choose to restrict our investigations into other 
interesting phenomenon observed in this work. Such investigations could 
form part of an extension to this study, and throughout the discussion of the 
results in'this chapter we shall highlight where we feel further investigation 
may be of scientific interest. 
6.3.2 GaInAsPSb Samples 
As well as studying the series of MBE grown InAsl_xSbx samples here we 
shall also study four GazInl_ZAsl_y_. PySbx pentenary alloys grown latticed 
matched to GaSb by Liquid Phase Epitaxy (LPE) at the University of Lan- 
caster. These samples are rich in InAsSb, and should have their fundamental 
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band gaps in the MIR. These pentenary alloys are particularly interesting 
since when designing them it is possible to vary say Ao for a given fixed 
value of Eo or lattice constant. This is due to the high degree of freedom 
which comes from having five elements within the alloy. [34] This is a useful 
property in narrow gap semiconductors, which, due to their small band gaps, 
are particulary affected by non-radiative recombination mechanisms such as 
Auger recombination and inter-valence band absorption. The ability to con- 
trol both Eo and AO in a material means that it is possible to reduce the 
coefficient of say the conduction, heavy-hole, spin split-off hole, heavy-hole 
(CIISII) Auger recombination process, [35] which could result in an improved 
performance of an optoelectronic device fabricated from the material. 
Table 6.3 on page 214 lists the details of the four pentenary samples 
studied. The names of the samples, to which we will refer, are listed in 
the first column of the table. The compositions of the samples are also 
shown, determined from X-ray diffraction measurements carried out at the 
University of Lancaster. For sample s947 the composition is unknown since 
no X-ray diffraction measurements were conducted on this sample. 
The precise thicknesses of the pentenary epilayers is unknown. However 
they are known to be between 1.5 µm and 2.0 µm thick. From inspection the 
samples were seen to have mirror-like surfaces. Studies on similar samples 
grown by the same group have shown strong PL emission indicating the good 
optical quality of the materials. [36,37] The epilayers are undoped (n-type), 
grown on undoped, p-type GaSb buffer layers on p-doped GaSb substrates. 
The samples were designed to be processed into LEDs. Details of the growth 
process of these pentenary alloys can be found in Ref. [36]. 
6.4 Results and discussion 
6.4.1 Temperature dependent PR studies of InAsSb 
The first sample measured in the series of InAsl_xSby samples is R1965. 
From table 6.1 (p. 185) it can be seen that R1965 contains 0.0% Sb and 
is therefore equivalent to the binary semiconductor InAs. Figure 6.5 shows 
the measured PR spectra in the energy region of the Eo feature for R1965 
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over the temperature range studied (10 <T< 300 K). The solid-vertical 
curve is a guide to the eye, indicating the approximate position of E0. It 
can be seen from this that we have been successful in measuring PR signals 
from the fundamental band gap of R1965 from low temperatures up to room 
temperature. The strength of the signal, especially at room temperature, 
compared to previous InAs samples measured using this setup2 [38] indicates 
that this is a sample of high quality. The measurement at T= 10 K was 
conducted using a neutral density (ND) filter to reduce the power of the 
N 10 mW modulation laser to -1 mW so that the strong background PL 
signal could be reduced to give the best possible signal to noise ratio. Above 
50 K the measurements were conducted using spectrometer slit widths of 
1 mm (corresponds to an instrumental resolution of -10 nm) so that the 
sharp detail in the spectra could resolved. All other measurements on this 
sample, and in the remainder of this chapter, were conducted using slit widths 
of 2 mm (instrumental resolution of -20 nm). 
From Fig. 6.5 the red-shift of Eo to longer wavelengths with increasing 
temperature is clear. In order to ascertain the band gap energy at each tem- 
perature we first attempted to fit the spectra with the appropriate TDFF 
lineshape fitting function. [39] For some of the spectra this fitting process 
was straightforward. However, as can be seen from Fig. 6.5, at certain tem- 
peratures the spectra become rather complicated (e. g. T= 200 K), making 
fitting with TDFF functions difficult. We have previously seen similar de- 
tail in other InAs samples, [38] and currently we are unable to explain such 
features. We believe one possible explanation is that they are due to weak 
Franz-Keldysh oscillations. However, the evidence for this is not strong and 
it would require further investigation to confirm this. Fortunately, we find 
that we are able to use the modulus spectrum technique as described in 
section 2.2.2 (Eq. 2.15, p. 31) to determine the values of Eo. For each of 
the measured spectra this gives a single clear peak from which we can infer 
the position of Eo. Figure 6.6 shows an example of the modulus of the PR 
2The experimental setup was developed by the author in conjunction with Merrick and 
Hosea and the first results using the setup were published in the PhD thesis of M. N. Mer- 
rick. [381 
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Figure 6.5: Temperature dependent photomodulated reflectance spectra of 
sample R1965 (InAsi_, Sbs, x= 0%) in the energy region of the fundamental 
band gap, E0. Successive spectra are vertically offset for clarity. The vertical 
curve is a guide to the eye showing the approximate variation of the Eo energy. 
The data are plotted as a function of energy and for comparison, the upper 
axis (not linear) shows the corresponding wavelengths. 
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O 
E 
U 
cC 
U 
N 
L 
CC 
O 
Q 
1.6 T= IOK R1965 
Sb-0.0% 
1.2- 
0.8- F= 8meV 
0.4- 
:E 
0 
0 
390 400 410 420 430 
Energy (meV) 
Figure 6.6: PR modulus spectrum of sample R1965 (InAsi_1Sb,, x= 0%) 
at T= 10 K. The vertical dashed line marks the energy of the fundamental 
band gap, Eo = 414 meV. The FWHNI (P) of the feature is 8 meV. 
the critical point transition, giving Eo = 414 f1 rneV for 111965 at 10 K. 
From table 6.1 (p. 185) we see that the value adopted in Ref. [17] for InAs 
is slightly higher at 417 meV. However, this Ref. quotes a range of values 
for Eo from 410-420 meV so our measured value falls within this range. Our 
value also agrees with the 10 K PL measurement conducted at Lancaster 
university using a high power Ar+ laser (not shown) the PL peak position 
for the sample is shown in column five in table 6.1. From Fig. 6.6 we measure 
the full-width at half-maximum (FWIIM) of the PR modulus peak for R1965 
at 8 meV. This is around half as broad as the 10 K PL peak (not shown), 
which had a FWHM of 20 meV (table 6.1). This allows us to determine 
the value of Eo with greater accuracy than is possible from the broader PL 
measurement. 
Figure 6.7 shows the modulus spectrum of the T= 300 K PR mea- 
surement of R1965 shown in Fig. 6.5. As in the modulus spectrum at low 
temperature we see a clear peak. However, it is thermally broadened by the 
increase in temperature so that F300K - 11 meV. From the peak in the modu- 
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Figure 6.7: PR modulus spectrum of sample R1965 (InAsl_,, Sb, x, :c= 0%) 
at T= 300 K. The vertical dashed line marks the energy of the fundamental 
band gap, ho= 361 ºncV. The FWHNI (F) of the feature is 11 mcV. 
lus spectrum we find that when T= 300 K, Eo = 361±3 meV 53 meV lower 
than the T= 10 K value. In order to compare the temperature dependence 
of 13.1965 with that reported in the literature for InAs we fit our temperature 
dependent E0 values as determined from the PR spectra of Fig. 6.5 with a 
Varshni relationship: [40] 
E0(T)=Eo(T=0K)- (YT' 
O+r 
(6.1) r 
Where a and 3 are known as the Varshni parameters. 
Figure 6.8 shows the PR modulus values of Eo for R1965 (solid symbols) 
plotted as a function of temperature. The error bars represent the uncer- 
tainty in determining the Eo value from the respective PR modulus spectra. 
The solid curve in Fig. 6.8 shows the fit of the Varshni equation for our PR 
determined values of Eo for sample R1965. The quality of the fit is good and 
from it we obtain values of a=0.284 meV/K and ,ß= 
187 K. These differ 
to the values listed in Ref. [17], where a=0.276 meV/K and 0= 93 K. 
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Figure 6.8: Varshni fit (solid curves) of the temperature dependence of 1O 
(solid symbols) for sample R1965 (InAsl_, Sbr, :r= 0%) determined from 
the PR spectra in Fig. 6.5. The dashed curve shows the literature Varshni 
behaviour, taken from Ref. [17]. 
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The temperature dependence of Eo using the Ref. [17] Varshni parameters 
is also displayed in Fig. 6.8, represented by the dashed curve. Comparing 
the two curves it is clear that we see a slightly different temperature depen- 
dence to that given in Ref. [17]. This appears primarily due to us measuring 
higher values for Eo than are stated in the literature, especially at higher 
temperatures. 
As we mentioned previously, the main reason for studying these InAsI _ rSb. r 
samples is to determine the value for the bowing parameter of the spin-orbit, 
splitting energy ('y(Ao)). In order to measure the Ao energy in a semicon- 
ductor using PR is it necessary to scan in the energy region near Eo + Do. A 
critical point occurs in the joint-density of states at this energy, associated 
with photon absorption promoting electrons in the spin-orbit split-off valence 
band into the conduction band. This process is illustrated schematically in 
figure 6.9. 
By measuring the PR spectra of both the Eo and Eo+A0 features one can 
subtract the two energies once known to reveal the value for 0o. Figure 6.10 
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Figure 6.9: Typical band structure of a III-V semiconductor near the 1' point 
(k1 = ky = kZ = 0) illustrating the conduction band (CB), heavy-hole (HH), 
light-hole (1.11) and spin-orbit split-off (SO) bands. Also shown is an electron 
from the SO band being excited into the conduction band by absorption of a 
photon with energy Eo + Do. 
shows a PR spectrum of sample R1965 in the near infrared Eo + , AO energy 
region, measured at T= 10 K (filled symbols). The PR spectrum in Fig. 6.10 
was recorded using the 1 pm blazed grating, which is more efficient at these 
near-infrared wavelengths than the 5 pm blazed grating used for the MIR 
PR measurements of the E0 feature. The solid curve shows a TDFF fit 
to the feature which gives a value of Eo + Do = 787 + 10 meV. From the 
aforementioned value for Eo at 10 K of 414 meV this gives us Do = 373 ± 
10 rneV for sample R1965. This is lower than the recommended value in 
Ref. [17] for InAs, which from table 6.1 (p. 185) can be seen to be 390 meV. 
However, the range of quoted values for Do in Ref. [17] is 370-410 meV so 
our value lies within the low end of this range. 
This positive result shows that we are able to measure the feature related 
to the spin-orbit splitting energy in this sample as required to determine 
the value of L. If we are successful in doing this for the other InAsl_, Sb,, 
samples we will be able to examine how Do varies with Sb content and 
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Figure 6.10: PR spectrum measured for sample R1965 (InAs, - 
Sb. r, ,r- O'% ) 
at T= 10 K, (closed symbols) in the energy region of the condnrtion to spin- 
orbit split-off valence band transition (Eo+Do)" The solid curve shows a'I'DFF 
fit to the data and the arrow indicates the fitted value of E0 + Do = 787 meV. 
compare our results with the results of Berolo and Woolley. [27] 
The next sample to be studied in the series is R1968, which has an SI) 
concentration of 4.3% (assuming full-relaxation of the epilayer). Figure 6.11 
shows the temperature dependent PR spectra in the vicinity of the funda- 
mental hand gap feature. As with sample R1965 we are able to observe a 
PR signal from low temperatures up to room temperature for this saniple. 
At low temperatures (T < 150 K) we only observe one feature, from the 
InAsi_xSbý, epilayer. Its approximate position is marked with the first solid 
vertical curve. However, as the temperature is increased we begin to observe 
a second feature at higher energies. The intensity of this feature relative 
to the first increases with temperature and its position is indicated approx- 
imately by the second vertical curve. We believe that the feature at higher 
energies is the E0 feature of the InAs substrate. One possible explanation for 
why the substrate Eo feature is not visible at low temperatures could be that 
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Figure 6.11: 'T'emperature dependent PR spectra of sample R1968 
(InAsl_, Sbr, x=4.3%) in the energy region of the fundamental band gap, E0. 
Successive spectra are vertically offset for clarity. The vertical curve extend- 
ing to the lowest temperatures is a guide to the eye showing the approximate 
variation of Eo for the InAsSb epilayer. The second vertical curve, beginning 
at 1' = 150 K, marks the fundamental band gap of the InAs substrate, whose 
PR signal becomes discernible above this temperature. 
186 
G. Mid-infrnnvl p1miolnudhilalI TI II Ilr(t. an("c of IIAs-rich InAsSb and (a1nAs1'S1) 
the I I(Nc laser and/or nionochromated probe light is more strongly absorbed 
within the InAsi -, 
Sb, epilayer at low T. If either were completely absorbed 
within the epilayer then no PR signal would be produced from the substrate 
layer. For this reason one might expect to observe an Eo PR signal from 
the substrate as well is the epilayer as the temperature was increased if the 
thermal broadening of the epilayer absorption edge reduced the absorption 
coefficient for photons of energy equal to Eo of the substrate. 
Calculating the modulus of each of the PR spectra in Fig. 6.11 enables 
us to determine the values of Eo as was done for sample R1965. Figure 6.12 
shows the resulting values of Eo, fitted with a Varshni relationship (solid 
curve Eq. 6.1). Also shown (dashed curve) is the literature expected be- 
400 
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Figure 6.12: Varshni fit (solid curve) of the temperature dependence of EO 
(solid symbols) for sample R1968 (InAsl _ rSb, x, x=4.3%) 
determined from 
the PR spectra in Fig. 6.11. The dashed curve displays the literature expected 
behaviour. [17] 
haviour, interpolated from the parameters in Ref. [17]. From this it is clear 
that our measured temperature dependence of R1968 is very similar to that 
of the literature expected behaviour. However, at all temperatures there is 
an almost constant energy difference of - 10 meV between the two values of 
E0. This difference could potentially he caused by the presence of strain in 
the InAsl_,, Sb;, epilayers, which we presumed to be unstrained. Using strain 
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calculations [41] and parameters in Ref. [17] we find that if the InAsl_zSb, x 
layer of R1968 was fully strained the band gap would increase by around 
5 meV. This is not enough to explain the difference between our measured 
Eo values and the literature values and, furthermore, a fully strained 0.5 Jim 
epilayer is highly unlikely since it is considerably larger than the critical thick- 
ness. [23] Therefore, we do not believe strain is causing the energy difference 
seen in Fig. 6.12. As we shall see in section 6.4.3, when we compare our low 
temperature measurements and the results of other authors with the values 
predicted using the literature bowing of y(Eo) = +670 meV, we find it is 
common that the measured values of Eo lie several meV above the predicted 
values. 
Figure 6.13 shows the measured PR spectra of sample R1968 in the region 
of the Eo + Do transition for the range of temperatures in which we could 
observe a PR feature. For R1968 we are able to measure the Eo + AO feature 
up to T= 175 K. The solid curves through the data show the TDFF fits 
used to determine the values of Eo + Do. The vertical curve is a guide to 
the eye, indicating the approximate position of the transition energy with 
temperature. Subtracting the values of Eo as determined from the spectra in 
Fig. 6.11 gives us the values of Do at the four temperatures. When T= 10 K 
we find that Ao = 398 ± 10 meV, some 40 meV greater than the value 
obtained through interpolation of the literature values [17] and using the 
bowing parameter of Berolo and Woolley [27], which gives a value of 359 meV 
(see table 6.1 on page 185). In section 6.4.3 we shall discuss this difference 
in more detail. 
Table 6.2 lists the measured values of E0, Eo + Do and the resulting Do 
values for sample R1968. It is clear from this that the value of splitting energy 
is constant to within a few meV over the temperature range 10 K<T 
175 K. It is expected that Do is independent of temperature since the spin- 
orbit splitting is an atomic process, not dominated by thermal effects [42] 
and our results appear to be consistent with this. 
For these InAsl_xSbx epilayers grown on InAs there is a possibility that 
we may observe PR features from both the Eo and Eo+Do transitions of the 
InAs substrate as well as the epilayers in which we are interested. Indeed we 
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Figure 6.13: Temperature dependent photomodulated reflectance spectra of 
sample R. 1968 (InAsj_SSb.,, x=4.3%) in the region of the Eo + Do transition 
(filled symbols). The solid curves show TDFF fits to the data and the vertical 
curve indicates the approximate variation of the fitted Eo + AO energies with 
temperature. 
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Temperature Eo Eo + Do Ao 
(K) (meV) (meV) (me` 
10 395 f1 793 ± 10 398 ± 10 
77 391 f1 790 ± 10 399 ± 10 
125 382 ±1 781 ± 12 399 ± 12 
175 370 ±2 767 ± 15 397 ± 15 
Table 6.2: Temperature dependence of our measured values of Eo and 
Eo + io for sample 111968. 
have already seen in Fig. 6.11 (p. 186) that for temperatures above 150 K 
we observe a PR feature from the Eo transition of the substrate layer in 
R1968. The existence of a discernible feature from the fundamental band 
gap of the substrate in a sample is not a problem since it is well separated 
from the Eo feature of the epilayer, due to the Sb content. More of a problem 
could be a PR signal from the Eo + Do transition of the substrate since the 
bowing of the spin-orbit splitting energy is under investigation in this work 
and there is a possibility that we might mistake a PR feature as being from 
the epilayer when in reality it is wholly or partly from the substrate. To 
ensure we do not mistake any PR features in each sample we shall be careful 
to investigate each spectrum in detail. If we take the PR spectrum of the 
Eo feature in R1968 measured at T= 10 K as an example (Fig. 6.11) we see 
no PR feature from Eo of the substrate at this temperature (E - 415 meV). 
Since we see no PR feature from the fundamental band gap of the substrate, 
the likelihood of observing a feature from the spin split-off transition must 
be very small since a PR feature from this transition is always considerably 
weaker than that of the Eo transition. [11,13] Therefore, if the Eo substrate 
signal is so weak that it cannot be discerned then the same must be true 
for the Eo + Do feature. Furthermore, the InAsl_xSbx epilayer will tend to 
filter out short wavelength light at energies greater than its Eo band gap so 
that photons with such energy will be strongly absorbed before reaching the 
InAs substrate. In order to observe a PR feature from the Eo + AO feature 
of the substrate, light from the spectrometer would need to travel through 
the 500 nm thick InAsl_, Sbx epilayer (and back) and the penetration depth 
of the light through the epilayer at the wavelength of the Eo + io transition 
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of the substrate is approximately half that of light at the wavelength of the 
Eo gap of the substrate. Therefore, if we do not detect a feature from the 
substrate Eo transition there is a very much reduced possibility of detecting 
the higher-energy Eo + zo substrate feature. 
The arguments outlined above can be repeated here in the following list 
so that they can be referred to quickly in the discussions of the other samples 
studied in this work: 
At a given temperature, if the Eo InAs substrate PR signal is too weak 
to be discerned, it follows that the Eo + Do feature will also be undetectable 
since 
" Ep + AO PR features are, by their nature, considerably weaker than those of 
Eo features. 
" the absorption coefficient in an InAsSb epilayer will be greater at the higher 
energy of an Eo+L o substrate feature than at the energy of an Eo substrate 
feature. The extra attenuation of light at the higher energy will thus reduce 
the relative strength of an Eo + io substrate feature compared to a lower 
energy Eo feature. 
The next sample of the series to be studied is R1970, which, as can be 
seen from table 6.1, contains 6.9% Sb. Figure 6.14 shows our measured PR 
spectra for this sample in the region of the Eo transition. As for the previous 
two samples studied we were able to measure PR signals for R1970 from low 
temperature up to room temperature. The first of the two vertical, solid 
curves (at lower energy) marks the approximate movement of the fundamen- 
tal band gap of the epilayer. The spectra are comparatively as well defined 
as in the samples with lower Sb content, indicating that the optical quality 
of the sample has not been compromised by increasing the Sb content. We 
measure the FWHM of the PR feature at 10 K to be 10 meV - only 2 meV 
broader than the equivalent feature in sample R1965. 
Similar to R1968 (Fig. 6.11, p. 186), we see a second feature in the PR 
spectra as the temperature is increased from the Eo gap of the InAs substrate. 
In R1970 this becomes noticeably visible only when T> 10 K. The movement 
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Figure 6.14: Temperature dependent PR spectra of sample R1970 
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of this feature is marked approximately with the second, vertical solid curve. 
The difference between the energies of the two features (illustrated by the 
separation between the two vertical curves in Fig. 6.14) is larger than the 
energy difference seen in R1968 due to the increased Sb content in R1970. 
This red-shifts the epilayer band gap further from the InAs band gap than 
in R1968. 
We determine the values of Eo from the epilayer by the PR modulus 
method and these are shown as a function of temperature in figure 6.15. As 
can be seen in Fig. 6.14 some of the PR spectra exhibit a rather unconven- 
tional form, most notably when 77 K<T< 175 K. For these spectra, we are 
still able to determine a value for Eo using the modulus technique. However, 
the uncertainties in the obtained values is large - reflected by the error bars 
in Fig. 6.15. We are unsure of the reason for the unusual lineshapes seen 
at certain temperatures in this sample; it even appears as if there is a third 
PR feature between the signals from the epilayer and substrate at certain 
temperatures (i. e. at T= 125 K). We do not believe that this is related to 
strain within the epilayer giving rise to separate light-hole and heavy-hole 
to conduction band transition PR features since this should be apparent at 
all temperatures. In order to remain focussed on studying Eo and Eo in 
this material we shall not investigate the cause of the unusual PR lineshapes 
further. However, it may be interesting to look at the effect further in a 
separate study. 
The solid curve in Fig. 6.15 shows a fit using the Varshni relationship 
of Eq. 6.1 (p. 181). The fit is of a good quality and yields the parameters 
a=0.510 meV/K and ß= 547 K. The literature values, interpolated from 
the binary values for InAs and InSb in Ref. [17], are quite different at a= 
0.279 meV/K and ,0= 98 K. The temperature dependence of Eo using these 
literature values and the literature value for Eo(T =0 K) is displayed in 
Fig. 6.15 by the dashed curve. As in sample R1968 (Fig. 6.12) there is a 
notable disagreement between our measured value of Eo and the literature 
interpolated value. We find the value to be Eo = 384±1 meV when T= 10 K, 
which is in agreement with the data from the PL measured at Lancaster 
(see table 6.1), whereas the literature value is 361 meV; a difference of over 
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Figure 6.15: Varshni fit (solid curve) of the temperature dependence of E, ) 
(solid symbols) for sample R1970 (InAst_sSbs, x=6.9%) as determined from 
the PR spectra shown in Fig. 6.14. The dashed curve shows the literature 
expected temperature dependence, interpolated from the temperature depen- 
dence of InAs and InSb in Ref. [17]. 
20 meV. As mentioned in the discussion of R1968 we shall return to this 
difference in section 6.4.3. 
While the absolute values of the measured E0 energies and the literature 
interpolated Eo energies differ, the temperature dependence which is repre- 
sented by the curvature of the two lines in Fig. 6.15 is broadly similar. This 
is in spite of the fact that our fitted Varshni parameters do not agree too 
closely with the literature interpolated values, highlighting a particular prob- 
lem in using the Varshni relationship it is often possible to achieve similar 
forms for the temperature dependence of a semiconductor using quite differ- 
ent values of the Varshni parameters. This is caused by a notable covariance 
between the parameters in Eq. 6.1 (p. 181) and is an inherent problem with 
the relationship. There are other relationships which can be used to model 
the temperature dependence, such as that based on a Bose-Einstein relation- 
ship. [43] However, there is less information in the literature on the fitted 
parameters of these models with which to compare our results. Therefore, 
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we use the more popular Varshni model here since it allows easier comparison 
with results reported by other authors. 
Sample R1970 is the highest Sb content InAsSb sample for which we are 
able to measure the Ply at high temperatures, enabling comparisons of the 
temperature dependence in these samples with the expected behaviour ob- 
tained by interpolating the literature dependencies for InAs and InSb. To il- 
lustrate that the overall temperature dependencies seen in our measurements 
are not dissimilar to the literature expected dependencies we plot the T de- 
pendent Eo data for the three InAsSb samples discussed so far in figure 6.16. 
Also shown is the temperature dependence of Eo for sample s922-one of the 
pentenary alloys discussed in full in the next section. 
The solid curves in Fig. 6.16 represent the T-dependence of Eo obtained 
using the literature expected values for the Varshni a and 8 parameters. 
However, unlike in the individual sample T dependence figures (e. g. Fig. 6.12, 
p. 187), we have not used the literature expected values for Eo(T =0 K) here 
since we know that our measured values for this parameter vary by as much 
as 20 meV compared to the literature values (see offset between curves, in say 
Fig. 6.15). Rather, we have allowed this parameter to vary so that the curves 
may overlay our measured Eo data points. This allows a simple comparison 
between our measured Eo T-dependence and the dependence expected from 
the literature information. 
It is clear from Fig. 6.16 that our measured Eo data generally follow the 
solid curves for each of the samples -shown - illustrating that our observed 
temperature dependence is broadly similar to that expected from the liter- 
ature published behaviour for InAs and InSb [17] (note: for the pentenary 
sample (s922) the predicted behaviour is dependent on the Varshni param- 
eters of a further four binary semiconductors). It does appear however that 
at low temperatures (T < 50 K) the agreement is not as good, with our data 
exhibiting a somewhat `flatter' temperature dependence than that of the ex- 
pected behaviour. Deviation from Varshni behaviour at low temperatures is 
often seen in samples containing inhomogeneities and is a result of carrier 
localisation effects. This is particularly pronounced in dilute nitride semi- 
conductors, and gives rise to an `s-shaped' temperature dependence. [44] We 
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Figure 6.16: Summary of the temperature dependencies of the InAsSh 
samples studied in this work (R1965-Sb=OA%, R1968-Sb=4.3%. R1970 
Sb=6.9%). Also plotted is the temperature dependence of sample s922 a 
GaInAsPSb pentenary alloy studied in the next section. The solid and dashed 
curves are explained in the text. 
do not believe that there is significant evidence in our data to indicate an, 
deviation from a standard Varshni-like temperature dependence. While the 
low temperature deviation appears clear in Fig. 6.16 it is important to stress 
what the curves in this figure represent. They are generated by simple linear 
interpolation of the recommended Varshni parameters for InAs and InSb [17] 
(and other binaries in the case of sample s922). This has two limitations: 
firstly, in the review of Ref. [171 it is stated that there is a wide range of pub- 
lished Varshni parameters for both InAs and InSb. This creates uncertainty 
in which Varshni parameters should he used for each of the binary alloys. 
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Secondly, it is not known if a linear interpolation between binary Varshni pa- 
rameters is appropriate for describing the Eo temperature dependence in the 
InAsSb alloy. This means that the curves in Fig. 6.16, whilst being the best 
currently available to us, are not, by any means, definitive descriptions for 
the Eo temperature dependence in these alloys. Therefore, since we are not 
comparing our data directly with other published temperature dependencies 
for InAsSb it is not possible to draw strong conclusions based on the observed 
differences in Fig. 6.16. Furthermore, since our best fits achieved (using the 
Varshni equation) of our Eo(T) data were very successful at reproducing our 
measured temperature variation (see Fig. 6.12 on page 187 for example) we 
do not believe that these samples are exhibiting non-Varshni temperature de- 
pendencies. Rather, we conclude that they are exhibiting a slightly different 
dependence (accounted for by using different Varshni parameters only) com- 
pared to that expected by simply considering the temperature dependence 
of the binary alloys as recommended by Ref. [17]. 
Also plotted in Fig. 6.16 is our measured Eo + Lo values for R1968 (note 
the broken scale on the energy axis). Here the apparent temperature de- 
pendence is due to the variation in E0(T) since Do is not a function of T. 
The dashed curve is a simple replica of the curve through the Eo(T) data for 
R1968 in this graph, vertically shifted to overlay these Eo + Lo values. 
Returning to the analysis of the PR results of R1970, figure 6.17 shows 
a spectrum for the Eo + Lo feature at T= 10 K (the final spectrum for 
this sample). The solid curve through the data shows a TDFF fit to the 
feature which gives the Eo + Do energy as 801 ± 15 meV. Subtracting the 
Eo energy determined from the PR spectrum at 10 K (Fig. 6.14) gives a 
value for the spin-orbit splitting energy of Do = 417± 15 meV. The expected 
literature value is 342 meV using the bowing of Berolo and Woolley (discussed 
later). [27] 
For the argument outlined in the discussion of the PR spectra of R1968 
(see page 191) we can be confident that the feature in Fig. 6.17 is not an 
Eo + Do feature from the InAs substrate in this sample since at 10 K we 
observed no clear Eo substrate feature (see bottom spectrum in Fig. 6.14, 
p. 192 in the 414 meV InAs Eo region). 
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Figure 6.17: PR spectrum measured for sample R1970 (InAsi _. rShl, r= 
6.9%) at 7' = 10 K, (closed symbols) in the energy region of the conduction to 
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a '1'DFP' fit to the data and the arrow indicates the fitted value of 1; O + 0o _ 
801 meV. 
The next InAsl_, Sb, sample studied is R1971, which contains 9.0% Sb. 
Unfortunately we were only able to record spectra at low temperatures for 
this sample and the PR spectrum measured at T= 10 K is shown in fig- 
ure 6.18 (a). The solid curve shows our best fit achieved using a single TDFF 
function, giving a fundamental band gap energy of EO = 367 f3 meV. This 
fit, however, is not completely satisfactory, leading to unccrtaiiity in the value 
of E0. We made an attempt to fit the spectrum using two TDFFs. However, 
we found this was still unable to replicate the PR lineshape, mainly due to 
the broad extent of the feature at low energies. Also, the oscillatory nature of 
the lineshape at higher energies (above 380 meV) may indicate the presence 
of Franz-Keldysh oscillations in the PR of this sample. Unfortunately the 
weak signal level of these oscillations makes it difficult to conduct a detailed 
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study into their nature. If the signal to noise level of the experiment could 
be improved in the future it may be possible to explore this further. As we 
show in our discussion of the PR modulus method, the technique may still 
yield a peak at the critical point energy, even if the original PR data cannot 
be fitted with a standard low-field limit TDFF (see page 32). Figure 6.18 (b) 
shows the calculated modulus of the PR spectrum in (a). The peak in the 
modulus spectrum implies that E0 = 365 ±3 meV, 2 meV lower than the 
value obtained from the fit to the PR spectrum. Due to the relatively poor 
quality of the PR fit in (a) we believe the correct band gap energy for R1971 
is E0 = 365 ±3 meV determined from the modulus spectrum in (b). This 
agrees reasonably well with the data from the PL measured by Lancaster 
University (not shown), where the PL peak position was determined to be 
369 ±4 meV (table 6.1, p. 185). However, it is nearly 20 meV greater than 
the recommended literature value. [17] 
Figure 6.19 shows the PR spectrum of R1971 in the near-infrared region 
of the E0 + L&0 transition, measured at a temperature of 10 K. The solid 
curve shows the fitted TDFF function, which unlike the fit to the E0 feature 
illustrated in Fig. 6.18 (a), is of a good quality. From the fit we obtain a 
value of E0 + A0 = 794 ± 15 meV. This gives a value for the spin-orbit 
splitting energy of Aa = 429 ± 15 meV, nearly 100 meV greater than the 
value interpolated using Berolo and Woolley's bowing parameter (table 6.1, 
p. 185). Once again, using the argument on page 191, we can be confident 
that the E0 + A0 feature in Fig. 6.19 is from the epilayer since there is no 
discernible E0 feature from the InAs substrate (Eo(InAs) - 414 meV) in 
Fig. 6.18(a) (p. 199). 
Figure 6.20 (a) shows the T= 10 K PR spectrum of sample R1967, the 
next sample studied, which contains 15.5% antimony. As with the previous 
sample we were only able to measure low temperature spectra for this sample 
since the signals were too weak at higher temperatures. The solid curve in 
Fig. 6.20 (a) shows the fit to the data achieved using two TDFF functions. 
We find that in order to achieve an acceptable fit it is necessary to include a 
second TDFF, which has an intensity around 40% that of the main feature 
attributable to E0. We refer to the energy of this second feature as V. From 
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the fit we obtain Eo = 327 meV and E' = 339 rneV. The precise reason for 
requiring this second TDFF to describe the shape of the measured PR is 
unknown; it is unlikely to be defect related since it occurs at a higher energy 
than that of the E0 feature. It is possible that the PR of this sample is in 
a hybrid state, i. e. between one being correctly described by a TDFF (low- 
field regime) and another demonstrating Franz-Keldysh Oscillations (FKOs) 
synonymous with the intermediate regime. [39,45] Such lineshapes are par- 
ticularly difficult to describe and fitting them with an appropriate model is 
difficult. We attempted to fit the spectra using an Airy function (standard 
model used to describe FKOs [45]), but this was unsuccessful here. Estr- 
era et al. have been successful in fitting PR spectra similar in form to that 
shown in Fig. 6.20 (a). [46] In their approach they fit such PR features us- 
ing two Airy functions to account for both the light and heavy hole valence 
bands. Furthermore, they modify their Airy functions to include an energy 
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spectrum of the PR measurement in (a), which has a main peak at 326 meV, 
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dependent broadening allowing them to describe the effects of electric field 
gradients within samples, and modulation between two finite fields - effects 
which complicate the form of modulated reflectance lineshapes. [46] We do 
not carry out such a detailed approach to fitting the PR spectrum of sample 
R1967 here, although a successful attempt using the method of Estrera et al. 
may result in an improved value for E0. 
Figure 6.20 (b) shows the modulus of the measured PR spectrum shown 
in Fig. 6.20 (a). This shows two clearly discernible peaks and from these 
we can infer values for Eo and E' of 326 meV and 341 meV, which agree 
closely with the values obtained from the fit using the two TDFFs to the PR 
spectrum. Since the modulus peaks and TDFF fit parameters give similar 
results we are confident that Eo = 327 ±4 meV for R1967. The FWHM 
of the main peak in the modulus spectrum is 10 meV, close to the value of 
11 meV obtained from the FWIIM of the TDFF used to fit the Eo feature in 
Fig. 6.20 (a). This broadening is only a few meV larger than the FWIIM of 
the PR feature in the InAs sample (R1965), indicating that the sample still 
has high optical quality. 
Figure 6.21 shows the PR spectrum of the Eo + Do feature of R1967, 
measured at T= 10 K, where the solid curve shows the best fit achieved 
using a TDFF function. From this we find the spin-orbit splitting in R1967 
to be Do = 459 ± 20 meV. As for the other samples studied so far, this is 
quite different to the literature value of 298 meV obtained from interpolation 
using the bowing of Berolo and Woolley ('y(Do) = +1170 meV). [27] We 
shall discuss this in depth in the review of the low temperature PR results 
in section 6.4.3. We saw no Eo substrate PR signal in this sample at 10 K so 
we can be confident that the Eo + Do feature in Fig. 6.21 is from the InAsSb 
epilayer, not the substrate (see page 191). 
It is clear from the spectrum in Fig. 6.21 that the PR signal from the 
spin split-off band is very weak in this sample, with a maximum intensity 
of just OR/R .-2.5 x 10-6. Indeed this is the sample with the highest 
Sb concentration (15.5%) in which we have been able to observe a feature 
from the Eo + Lo transition. In the remaining two samples, . with 
higher 
concentrations of Sb, the signals were too weak to be used for determining 
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values for Do. 
Figure 6.22 (a) shows the low temperature PR spectrum of sample 111972 
in the region of the Eo transition. This sample has a similar concent rat ion of 
Sb (16.0%) to that of R1967, which contained 15.5%. The spectrum shown 
here was recorded at a temperature of 50 K since the signal to noise ratio 
of the spectrum at T= 10 K is very poor due to the relatively strong PL 
background compared to the weak PR signal of this sample. The magnitude 
of the PR signal is less than 2x 10 6 and in order to reduce the noise levels 
to those shown in Fig. 6.22(a) it was necessary to run the experiment for a 
period of several hours. 
The solid curve in Fig. 6.22 (a) shows a TDFF fit of reasonable duality to 
the PR measurement, which gives an energy for the feature of 318 f3 meV. 
Figure 6.22 (b) shows the calculated modulus of the spectrum in (a). The 
modulus peak occurs at an energy of 319 f3 meV, just 1 meV (liffereent to 
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the value obtained from the fit. We adopt a value of Eo = 319 ±3 meV for 
81972 - the average of the two values when rounded to the nearest meV. 
The modulus peak has a FWIHM of 11 meV - nearly 40% greater than the 
FWIIM of sample R1965 (InAs). This, and the much reduced PR intensity 
is an indication that the inclusion of 16% Sb does have a noticeable impact 
on the optical quality of the material. 
The final sample in the series of InAsl_xSbx materials studied is 81966, 
which has the largest Sb concentration of 22.5%. Figure 6.23 (a) shows the 
PR for this sample in the region of the Eo transition. A sizeable, sloping 
background present in the measured PR of this sample has been removed in 
the figure to make the analysis of the data more straightforward. We believe 
that this spurious background was caused by problems with the filter in the 
helium compressor of the cryostat during the experiment on this sample and 
that it is correct to subtract it from the PR spectrum. The precise cause 
of the background is unknown, but it could have been related to scattering 
from contaminants present in the cryochamber due to the failure of the filter. 
Unfortunately time did not allow for the measurement to be repeated once 
the filter had been replaced. 
The TDFF fit to the spectrum (solid curve) gives a value of Eo = 261 f 
4 meV for R1966. The same value is found from the peak of the PR modulus 
spectrum shown in Fig. 6.23 (b). The FWIIM of the modulus peak is found 
to be twice as broad as the Eo feature for the InAs sample (81965), having 
a value of 20 meV. However, this is still lower than the FWIIM of the PL 
peak measured for this sample (not shown), which is 28 meV (see table 6.1 
on page 185). 
The measurement in Fig. 6.23 (a), displaying a feature at 261 meV 
(4.75 µm), represents our longest wavelength PR measurement to date us- 
ing the grating spectroscopy system, and to the best of our knowledge it 
represents the longest such measurement in the literature. 
After discussing the temperature dependent measurements recorded for 
the GaInAsPSb pentenary alloys in the next section we shall look in detail 
at the low temperature results for each of the narrow-gap samples studied 
in this work in order to examine the behaviour of both Eo and AO with Sb 
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Figure 6.23: (a) Measured PR spectrum of sample R1966 (InAsl_., Sby, x= 
22.5%) at T= 10 K in the region of the fundamental band gap (solid symbols). 
The solid curve shows a '1'DFF fit to the data and from this we obtain a value 
of E0 = 261 meV. (b) Shows the modulus spectrum of the PR measurement in 
(a), which peaks at 261 meV and has a FWHM of I' = 20 meV. 
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concentration. 
6.4.2 Temperature dependent studies of GaInAsPSb samples 
Figure 6.24 shows the temperature dependent PR results of sample s922, the 
first of the LPE grown Ga; Inl_sAsl_y_xPySbx samples to be studied here. 
This represents the first PR results on this pentenary alloy system. As can be 
seen from the figure, we were able to measure PR for s922 up to a temperature 
of 200 K, where the signal thereafter became too weak to be discernible from 
the noise. From table 6.3 on page 214 we see that s922 contains 4% Ga, 4% P, 
and 13% Sb (determined from x-ray diffraction measurements conducted by 
Lancaster University). In terms of Sb content, the closest sample to this in 
the series of InAsl_. Sbx samples is R1967, which contains 15.5% Sb. For that 
particular ternary alloy we are only able to measure PR up to temperatures 
of - 100 K. Therefore, the ability to measure PR for this pentenary alloy up 
to 200 K indicates that despite the complexity of the material, it is of a good 
quality. Furthermore, if we compare the intensity of the 10 K measurement 
of s922 with that of R1967 (Fig. 6.20, p. 202) we see that the PR of s922 
is around four times more intense. This could potentially be related to the 
electronic properties of the sample, and not be a direct indication of the 
quality of the material. A better measure of quality is the broadening of the 
PR features and the measured FWHM of the s922 PR feature at T= 10 K 
is 12 meV, comparable to the broadening of 10 meV seen for R1967. 
The T= 10 K spectrum of s922 is a relatively simple spectrum and from 
the modulus peak we obtain a value for Eo = 342 ±2 meV. This is some 
26 meV greater than the value obtained by interpolating' the literature pa- 
rameters in Ref. [17]. In the measurements on the InAsl_., Sbx samples we 
also saw similar differences between the literature values and our measure- 
ments. For these samples we suggested that strain within the epilayers, 
caused by the lattice mismatch with the InAs substrates, could cause part 
of the differences. However, strain cannot be the cause in the case of these 
pentenary samples since they are lattice matched to their GaSb substrates. 
3The interpolation procedure developed here for pentenary alloys is discussed in detail 
in appendix C 
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Figure 6.24: Temperature dependent PR spectra of sample s922 
(Ga, Inl_ZAsj_r_yP, Sbs, x= 13%, y= 4%, z= 4%) in the energy region 
of the fundamental band gap, E0. Successive spectra are vertically offset for 
clarity. The vertical curve is a guide to the eye showing the approximate vari- 
ation of Eo for the GaInAsPSb epilayer. 
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This will be discussed further in the next section. 
It can be seen from Fig. 6.24 that as 1' increases an extra feature . appears 
on the low energy side of the main PR lineshape (see 1'=125 K spectrum for 
example). Fortunately for this sample the extra feature is relatively weak 
and it does not significantly complicate our analysis of these spectra. Sin((' 
it is weak, and only present in a few spectra, we shall not, speculate gis to the 
cause of the feature here. 
The vertical curve in Fig. 6.24 indicates the approxiunRte position of the 
Eo transition with increasing temperature. The energies, determined from 
the peaks in the modulus of the PR spectra (not shown) are plotted in fig- 
ure 6.25 and fitted with a Varshni relationship (Eq. 6.1, p. 181). From this fit 
370 
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Figure 6.25: Varshni fit (solid curve) of the measured temperature de- 
pendence of Ee (solid symbols) for sample s922 (GaInj_ZAsi_r_yP, Sb,, 
x= 13%, y= 4%, z= 4%) determined from the PR spectra in Fig. 6.24. 
The dashed curve shows the behaviour calculated by interpolating the binary 
Varshni parameters obtained from Ref. [171, and the dotted curve is the depen- 
dence reported for a similar sample in Ref. [361. 
(solid curve) we obtain the following Varshni parameters: 0=0.20 meV/K 
and 0= 90 K. These are quite different to the values interpolated from 
Ref. [17], which give a=0.29 meV/K and 0= 109 K and the different 
temperature dependencies can be seen in Fig. 6.25, where the literature in- 
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terpolated behaviour is illustrated by the dashed curve. Although there is a 
noticeable difference in the slope of the two curves, much of the disagreement 
is due to the difference in Eo as measured and as interpolated from literature 
values. In Fig. 6.16 shown earlier (p. 196) the temperature dependence in 
Fig. 6.25 is displayed again, however, only the literature values for a and ,Q 
are used to generate the curve - the Eo(T = 0) K value is varied so that 
the curve overlays the data points. From this it can be seen that the gen- 
eral temperature dependence is not dissimilar to that expected from linear 
interpolation of the literature binary Varshni parameters. 
The growers of these pentenary alloys have also reported Varshni param- 
eters for a sample with a similar composition (Ga=3%, P=6%, Sb=13%) to 
s922. From their PL measurements (4 K<T< 240 K) they obtained the 
values Eo(0 K)=348 meV, a=0.12 meV/K and 0= 100 K. [36] This ,0 
parameter is relatively close to our measured value for sample s922. How- 
ever, their value for a is nearly half our measured value. In Fig. 6.25 we 
also plot this reported temperature dependence (dotted curve). Comparing 
this with our measurements for s922 we find that the T=0K band gap 
values are different by 3 meV. This is most likely due to the different com- 
positions of the two samples. At higher temperatures it is clear that the 
temperature dependence reported in Ref. [36] is apparently weaker than we 
see for s922. This may be due to their analysis of their temperature depen- 
dent PL measurements - if the authors did not remove a factor of kBT/2 
from their PL peak energies when determining Eo(T) their values may be 
overestimated (more so at higher temperature). Such a kBT/2 correction 
(valid for parabolic bands) is required in the analysis of PL spectra due to 
the dependence of the emission peak energy on the occupation function and 
density of states within the conduction band. If we assume this correction 
was not made in Ref. [36] we can examine the impact of excluding it here. 
Take T= 250 K for example: here the difference between our Varshni curve 
and that of Ref. [36] is 18.3 meV. However, 
- 
if we subtract kBT/2 = 10.8 meV 
from the Ref. [36] energy for Eo(T=250 K), i. e. 326.6 meV, we get a reduced 
value of 315.8 meV. This is now only 7.6 meV different to the value obtained 
from our Varshni fit for s922. If we now remove a further 3 meV from this 
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difference (the difference between the 0K band gaps of the two samples), we 
find the adjusted variance to be just 4.6 meV - comparable to the uncertainty 
in our Eo(T) values. This would suggest that the temperature dependencies 
are actually similar for the two samples. Therefore, we believe the a param- 
eter reported in Ref. [36] may be underestimated because it would appear 
that a kBT/2 factor has not been accounted for in their analysis. 
Figure 6.26 (a) shows the T= 10 K PR spectrum of sample s922 in the 
region of the Eo + Do transition. The TDFF fit to the data (solid curve) 
indicates that the transition energy is 798 ± 10 meV. Since the fit is not of 
the highest quality, we show in Fig. 6.26 (b) the calculated modulus of the PR 
spectrum in (a). This peaks at a slightly lower energy of 795±10 meV. Taking 
the average of these two values we obtain the value Eo + Do = 797 ± 10 meV 
for sample s922. Subtracting the value for Eo = 342 ±2 meV at T= 10 K, 
determined from the PR spectrum in Fig. 6.24, we find Do = 455 ± 10 meV. 
With these pentenary alloys, grown latticed matched to their GaSb sub- 
strates, there is a possibility that we observe PR features from the substrate 
layers. This could potentially lead to a misidentification of the epilayer 
Eo + Ao signal since the fundamental band gap of GaSb is 812 meV, [17] 
which is relatively close to the value of Eo + Do = 798 meV of sample s922. 
Fortunately, due to the thickness of the pentenary epilayers (1.5-2 pm), we 
are confident that there is very little possibility of observing a PR signal 
from the substrate. This is because the penetration depth of the IieNe laser 
modulation source (633 nm) is estimated to be just - 0.3 pm in the epilayer 
and as such the substrate reflectance will not be significantly modulated by 
the strongly attenuated laser. Also, the penetration depth of the monochro- 
mated probe light at -800 meV is estimated to be - 0.7 pm. To see a PR 
signal in this energy region from the substrate, photons of energy -800 meV 
must travel through the epilayer and back. This corresponds to a distance of 
3-4 pm, around five times larger than penetration depth. Therefore we can 
be confident that any signals seen in the 800 meV near-infrared region must 
arise from the Eo + Ao transition of the pentenary epilayer material. Note: 
the estimated penetration depths here are calculated using the absorption 
coefficient data (extrapolated to high energy) published in Ref. [47] for InAs, 
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Figure 6.26: (a) The solid symbols show the PR spectrum of sample s922 
(GaZlnl_, Asl_f_YPySbX, x= 13%, y= 4%, z= 4%) at T= 10 K in the 
energy region of the Eo + 0o spin split-off transition. The solid curve shows a 
'I'DFF fit to the data and from this we obtain a value of E0 + Do = 798 meV. 
(b) Shows the modulus spectrum of the PR measurement in (a), which peaks 
at 795 meV and has a FWHM of I' = 60 meV. 
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Sample 
name 
Ga 
% 
P 
% 
Sb 
% 
Eö 
(meV) 
Eo R 
(meV) 
rPR 
meV 
Aö 
(meV) 
& PR 
(meV) 
s922 4 4 13 368 342 ±2 12 290 455 ± 10 
s923 7 3 15 361 340 ±3 15 283 476 f 10 
s924 6 4 14 371 343 ±5 15 284 - 
s947 ? ? ? - 408 ± 10 40 233 - 
Table 6.3: Details of the LPE grown Ga, Inl_sAsl_y_. PySbx samples studied 
in this work. Data in the columns with headings showing the superscripts have 
been interpolated from the binary data and ternary bowing parameters in Ref. [17] 
using Eq. C. 8 (p. 260). The experimentally determined data measured here using 
PR are also shown. Eo and r refer to the fundamental band gap energy and 
broadening at a temperature of 10 K. AO is the spin-orbit splitting energy. 
where we have assumed the epilayers to have similar optical properties to the 
binary semiconductor. 
The next pentenary alloy studied here is sample s923, which contains 7% 
Ga, 3% P, and 15% Sb. Figure 6.27 shows the temperature dependent PR 
spectra measured for this sample. The spectrum recorded at a temperature 
of 10 K is similar in its form to that observed for s922 (Fig. 6.24). However, 
the low-energy feature seen in the spectra of s922 was very weak at 10 K, 
but a similar low-energy feature is clearly discernible at 10 K for s923. From 
the modulus of this spectrum (not shown) we find that Eo = 340 ±3 meV, 
equal to that of s922 (within experimental uncertainty). 
At higher temperatures the low-energy feature seen at 10 K quickly in- 
creases in size and the PR takes on an oscillatory-like form, making it dif- 
ficult to obtain useful information. For example, the spectrum recorded at 
T= 60 K has six, clearly discernible lobes. These oscillations appear to 
persist at energies below that of the fundamental band gap of the sample 
and therefore we believe them to be Low Energy Interference Oscillations 
(LEIOs). [48] These LEIOs are caused when there is strong interference of 
the light within a layer of a sample and this is a definite possibility in these 
LPE grown samples since the epilayers are between 1.5-2 pm thick. This is 
because the optical thickness of these layers (thickness x refractive index) 
will be -5 pm - close to the wavelengths being measured here. We did 
not observe clear interference features in the R spectra of this sample. How- 
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Figure 6.27: Temperature dependent PR spectra of sample s923 
(Ga, Inl_zAsj_r_, PySbr, x= 15%, y= 3%, z= 7%) in the energy region 
of the fundamental band gap, Eo. Successive spectra are vertically offset for 
clarity. The vertical curve is a guide to the eye showing the approximate vari- 
ation of E0 for the GaInAsPSb epilayer. 
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ever, the sensitivity of the PR mechanism can enhance such features, yielding 
oscillations in the PR spectra. [48] 
Figure 6.28 shows the T= 10 K PR spectrum of the -spin stplit-off fed tune 
of s923. From the least squares fit to the data using it TIFF function we 
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Figure 6.28: PR spectrum measured for sample s92: 3 
(Ga, lni_, Asi__YPySbX, :r= 15%, y= 3%, z- = 7%) at 7' = 10 K. 
(closed symbols) in the energy region of the conduction to spin-orbit split-off 
valence band transition (Eo + A0). The solid curve shows a Tl)FF tit to the 
data and the arrow indicates the fitted value of Eo + A0 = 816 uieV. 
find E0 + Do = 816 + 10 meV. Subtracting the value of the fundamental 
band gap energy as determined from the 10 K PR spectrum in Fig. 6.27 we 
obtain a value of Do = 476 + 10 meV. Using this result we can highlight the 
advantage of these pentenary alloys since this splitting energy is - 20 tneV 
greater than that of sample s922, while their fundamental band gaps are 
only 2 meV different. Therefore, although these two materials could be used 
to fabricate devices operating at essentially the same wavelength, their non- 
radiative losses due to say CHSH Auger recombination would be different 
due to their different spin-orbit splitting energies. [351 
Figure 6.29 shows the temperature dependent PR spectra in the region of 
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the Eo transition measured for sample s924, which contains 6% Ga, 4% P, and 
14% Sb. The PR spectrum measured at a temperature of 10 K demonstrates 
a strange `dip-like' feature near 340 meV, which reduces in intensity as the 
temperature is increased. The origin of this feature is unknown, although we 
believe that it is not related to the band gap of the sample since it does not 
persist at higher temperatures. As the feature occurs at a lower energy than 
Eo it could be from an excitonic, or defect state. Excitonic features can be 
observed in PR spectra (see Ref. [46] for example) and they appear at an 
energy below the fundamental band gap equal to the exciton binding energy. 
In InAs the exciton binding energy is just -1 meV [49] and therefore we 
would expect a similar value to this for sample s924. However, this is much 
smaller than the energy separation between the `dip-like' feature and the Eo 
feature seen in the T= 10 K PR spectrum in Fig. 6.29 (- 20 meV) so we can 
discount the possibility that this PR signal is from an excitonic transition. 
The solid vertical curve marks the approximate movement of Eo with 
temperature. At T= 10 K we determine the band gap to be Eo = 343 ± 
5 meV (from the peak in the modulus spectrum-not shown). This is similar 
to the band gaps of s922 and s923 (see table 6.3, p. 214) and is nearly 30 meV 
greater than the value of 371 meV obtained by interpolation (Eq. C. 8, p. C. 8) 
of the literature values for the binary semiconductor band gaps. [17] 
Unfortunately we were unable to observe a clear feature from the spin 
split-off feature in this sample. 
The final sample of this study is sample s947. No X-ray diffraction mea- 
surements were conducted on this sample so its composition is unknown. We 
include the measurements here so that they may be referred to if any future 
study is conducted on the sample. Figure 6.30 (a) shows the 10 K PR spec- 
trum of this sample. A meaningful fit to the data was not achievable, and 
so in Fig. 6.30 (b) we plot the modulus of the PR spectrum, which shows 
a clear peak (with FWIIM of 40 meV) at an energy of 408 meV. Since the 
composition of the sample is unknown we cannot draw many conclusion re- 
garding this result. However, it appears that the band gap of this sample is 
slightly larger than that of the other pentenary samples studied here, possi- 
bly indicating a lower Sb and/or higher Ga content compared to the other 
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Figure 6.29: Temperature dependent PR spectra of sample s92.1 
(Ga-. Ini_ZAsi_x-. yPySbx, x= 14%, y= 4%, z= 6%) in the energy region 
of the fundamental band gap, E0. Successive spectra are vertically offset for 
clarity. The vertical curve is a guide to the eye showing the approximate vari- 
ation of F, o for the GaInAsPSb epilayer. 
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Figure 6.30: (a) Measured PR spectrum of sample s947 
(GaZIni_: Ast_I_yPySbr - composition not measured) at 1' = 10 K in 
the energy region of the Eo transition. (b) Calculated modulus spectrum of 
the PR measurement in (a), which peaks at 408 meV and has a FWHM of 
I' = 10 meV. 
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samples. As for sample s924, we were unable to observe a PR feature from 
the Eo + Do transition in this sample. 
6.4.3 Analysis of the low temperature measurements 
In this section we investigate the low temperature results obtained for the 
MIR samples studied in this work. A publication of these studies can be found 
in Ref. [50]. Figure 6.31 shows the low temperature PR spectra measured 
for all the InAsl_ySbx samples studied in section 6.4.1. The spectra are 
vertically offset for clarity, and are ordered in terms of the Sb content within 
each sample (listed next to each spectrum). As well as displaying the PR 
of the InAsl_. Sb. samples, we also show the spectra for samples s922 and 
s923 - the two pentenary alloys for which we were able to measure both the 
fundamental band gap and spin split-off features. These are also plotted in 
the order determined by their respective Sb concentrations. 
The energy axis is broken in Fig. 6.31, enabling us to plot both the Eo and 
Eo + zo features of each sample (where measured). For clarity, we show the 
spectrum of the particulary weak Eo + Do feature of sample R1967 (15.5% 
Sb) using solid symbols and the TDFF fit to the data. We shall focus firstly 
on the Eo features of each sample, before looking in detail at the spin split-off 
features. 
It is clear from figure 6.31 that as the Sb content is increased Eo decreases 
in a steady fashion. With 0% Sb the value for Eo = 414 meV and this 
decreases to 261 meV for the sample with the highest Sb content of 22.5%. In 
terms of wavelength this represents a shift from 3.0 µm to 4.75 µm. Recalling 
the figure shown at the start of this chapter, which illustrated the positions 
of various gas absorption lines (Fig. 6.1, p. 168) we see that this wavelength 
range is extensive enough to cover the absorption lines of all these gases 
(although these samples are cooled to 10 K). This illustrates why InAsl_., Sbx 
is such an important material for MIR applications. 
In order to compare our results for Eo with those of other authors study- 
ing InAsl_., Sb.. we plot the values as a function of Sb content in figure 6.32. 
Here the closed symbols represent our data, taken from the MIR PR results 
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Figure 6.31: Low temperature spectra of the Eo and Eo + Do PR features 
of the InAsSb samples studied here, and samples s922 and s923 (two of the 
pentenary GaInAsPSb samples studied). [50] The spectra are vertically offset 
with increasing Sb content, which is shown next to each spectrum. The baseline 
for each spectrum is indicated by the tick marks on the vertical axis. For the 
weakest observed Eo + 0o PR feature, data points with a least-squares fit are 
shown for clarity. The corresponding InAsSb sample names can be found in 
table 6.1 (p. 185) by looking up the Sb concentrations (fully relaxed). 
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Figure 6.32: Low temperature fundamental band gap (E'0) as a function of Sb 
composition for InAsl_, rSbx. The filled circles 
(. ) show the results determined 
from the PR measurements of this work. The crosses (x) mark the results from 
Ref. [22]; the diamonds (o) show the results from Ref. [25]; and the open squares 
(LI) show the results from Ref. [26]. The open circles represent our data again, 
but now assuming that the layers are fully-strained. The solid curve represents 
the accepted bowing of the fundamental band gap (+670 meV). [17] 
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of this work. The remaining symbols represent the results of other authors as 
detailed in the figure caption. The solid curve illustrates the recommended 
bowing of the fundamental band gap, taken from Ref. [17] as +670 meV. It 
is clear that for the results of each author there is a certain level of scat- 
ter between the data points and the bowing curve. At a first glance this 
scatter looks rather insignificant and the bowing curve appears to give a 
good representation of the variation of the band gap. For example, our data 
(solid symbols), which sits largely in the left hand side of the figure since 
our study focussed on InAs-rich samples, appears to agree reasonably well 
with the recommended literature values (curve). However, as we saw in sec- 
tion 6.4.1 our values for Eo differ from the literature values by as much as 
23 meV (see table 6.1, p. 185). While this disagreement is relatively large 
and would suggest that our measured values do not agree with the-litera- 
ture values, when viewed in Fig. 6.32 they tell a different story. For the Sb 
concentrations in which our measurements yield higher values for Eo than 
the literature accepted values (x < 16%) it can be seen that the results of 
other authors show a similar trend and that our results agree well with their 
measurements. Therefore it is our belief that the literature bowing curve, 
using y(AO) = +670 meV, does a reasonable job of describing the behaviour 
of Eo across the whole alloy composition range but that at a given compo- 
sition it may over- or under-estimate the true band gap of the alloy. This is 
an important point to consider when designing materials for use in specific 
applications since the actual band gap of a sample may be significantly dif- 
ferent to that predicted by the curve in Fig. 6.32. To illustrate this point 
we take sample R1970 as an example. This sample, containing 6.9% Sb, 
has a measured value of Eo = 384 meV compared to the value of 361 meV 
interpolated using the bowing curve. Therefore if R1970 was fabricated for 
use in say an LED one would predict it to operate at - 3.4 µm. However, it 
would actually output light at around 3.2 µm and this large difference could 
render the material inappropriate for the purpose it was grown. 
As we discussed in section 6.3.1 we believe that the InAsSb epilayers are 
fully-relaxed since they are -5 times thicker than the estimated critical 
thicknesses of the layers. [23] Therefore, we used the Sb contents determined 
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from x-ray diffraction measurements assuming full relaxation to describe the 
sample compositions (column two of table 6.1, p. 185). It is worth consid- 
ering here what effect there would be on our data in Fig. 6.32 by assuming 
full strain in the epilayers. We can do this by using instead the Sb concen- 
trations in the third column of table 6.1. The open circles in Fig. 6.32 show 
our Eo values plotted using these alternative Sb concentrations (except for 
the samples containing the lowest concentrations of Sb, where the difference 
is small). The data points are shifted towards the left compared to our data 
plotted assuming full-relaxation (solid circles), since the Sb concentrations 
assuming no relaxation are lower than when assuming full relaxation. It is 
clear from this that these points do not lie near the bowing curve, and un- 
like our data plotted assuming full-relaxation, this data is in poor agreement 
with the results published by other authors. We therefore believe that this is 
strong evidence that the samples are not fully strained, and that our assump- 
tion that the epilayers are relaxed is reasonable. Furthermore, if the samples 
were strained we would also need to adjust our Eo values to account for this 
so we could compare the values to the literature data on unstrained samples. 
Strain will increase the Eo band gap and so we would need to reduce the en- 
ergies of the points represented by the open circles by the relevant amounts. 
Therefore, the agreement between this data and the literature published data 
would be worse still, again indicating the epilayers are not fully-strained. 
If we now consider the pentenary samples studied in this work, look- 
ing at the data in table 6.3 on page 214 we see that for the these we see 
large differences between our measured values of Eo and the values inter- 
polated using the literature recommended parameters in Ref. [17] - which 
includes the bowing in InAsSb (ry(Eo) = +670 meV). This is similar to the 
differences seen in the InAsSb ternary samples (compare closed circles with 
bowing curve in Fig. 6.32). The pentenary alloy interpolation procedure used 
here was developed for the analysis of these results and is described in ap- 
pendix C. In light of the differences between our measured Ea values and 
the literature accepted values for InAsl_. Sby it is not surprising that we see 
similar differences in these pentenary samples, especially since the value Eo 
in Galnl_ZAsI_y_xPySbx is dependent on the bowing of Eo in InAsl_. Sb. 
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(see Eq. C. 8 on page 260). 
Before examining the behaviour of the spin-orbit splitting energy with 
alloy composition we shall briefly look at the broadening of the Eo transi- 
tion by studying the FWIIM of the PR features obtained from the modulus 
peaks. Figure 6.33 shows the FWHM of the low temperature features for the 
InAsSb samples (solid symbols), and the pentenaries s922 and s923 (open 
symbols). The solid curve is a simple guide to the eye through the data 
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Figure 6.33: Variation of the full width at half maximum (FWHM) broad- 
ening of the 10 K fundamental hand gap PR modulus feature for each of the 
InAsSb samples studied here, plotted as a function of antimony content (solid 
symbols). The open symbols show the FWHNI for two of the pentenary alloys, 
s922 and s923. The solid curve is a guide to the eye through the data points. 
points illustrating the general trend of the increasing FWHM with increas- 
ing Sb content. We believe that this increased broadening is partly related to 
a decrease in optical quality of the materials as the Sb content is increased. 
The broadening will also be increased in materials with higher Sb concen- 
trations since, generally speaking, non-radiative recombination rates will be 
faster in samples with smaller band gaps. The associated reduction in the 
lifetimes of excited states in the materials is then translated into an increased 
linewidth of the transition energies. 
When compared to the PR results of other, near-infrared samples, Fig. 6.33 
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appears to illustrate the high quality of the samples studied here. For exam- 
ple, low-T measurements on GaSb give a reported FWIIM of 10.4 meV; [43] 
greater than our measured value of 8 meV for sample R1965 (InAs). In 
the same study a quaternary alloy (GaInAsSb) with Eo = 645 meV was 
found to have r= 16.3 meV - broader than for all the samples shown in 
Fig. 6.33, except the one with highest Sb content. It is perhaps fairer, how- 
ever, to compare the ratios P/Eo in order to account for the wider band gap 
in these other samples. Such a comparison would reveal that the linewidths 
of the mid-infrared semiconductors are relatively broader than those with 
the wider bandgaps. This may be, for example, due to the increased non- 
radiative recombination rates in the narrow gap materials, and/or due to 
non-uniformities in the samples. 
Figure 6.34 shows our measured spin-orbit splitting energy values for the 
InAsl__, Sb_- samples studied here (closed symbols). Also shown are the re- 
sults of Berolo and Woolley (x) measured using electroreflectance on samples 
grown by the Horizontal Bridgman (HB) technique. [27] The IIB technique 
used to grow these samples produced an ingot of varying material compo- 
sition along the crystal by drawing it through a furnace with a steep tem- 
perature gradient at a rate of -0.5 cm per day. [22] Ideally a cross-section 
of such an ingot will be homogenous, having a single material composition. 
In reality, the HB technique used at this time would have been unable to 
produce InAsSb samples of the quality studied here, which are grown using 
MBE. 
The downwards bowing curve in Fig. 6.34 through the data points of 
Berolo and Woolley represents the large, positive bowing value (y(Ao) = 
+1170 meV) reported by the authors, [27] which describes well the behaviour 
observed by them. It is immediately evident from this figure that our data 
for Lo shows a very different behaviour with varying Sb content to that of 
the only other published results on this alloy. Indeed, our data almost sit 
on the straight line between the InAs and InSb AO endpoints, which repre- 
sents the zero bowing behaviour expected in the virtual crystal approxima- 
tion. [51] A fit to our data using Eq. C. 1 (p. 254) suggests that the bowing 
is y(Ao) -165 meV, which is much smaller and of a different sign than 
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Figure 6.34: Low temperature spin-orbit split-of band gap energy (so) as 
a function of Sb composition for InAsi_., Sbz. The filled circles (") show the 
results determined from the PR measurements of this work. The crosses (x) 
mark the results of Berolo and Woolley and the solid curve through these points 
represents their fitted bowing of 1170 meV. [27] The straight line indicates the 
zero bowing behaviour consistent with the virtual crystal approximation, [51] 
and the upward bowing curve represents the best fit to our measured data 
(-165 meV). The open square represents the Do energy for sample R1967, if 
it were fully-strained as opposed to fully-relaxed. Under these conditions the 
antimony concentration would be just 11% instead of 22.5%. We have also 
reduced the niewsured 0o value here by 20 meV in order to account for the 
increase in spin-orbit splitting due to strain. 
the bowing reported by Berolo and Woolley. [27] Since we have only studied 
InAs-rich samples here it is not possible for us to conclude with certainty 
that the bowing is indeed -165 meV. 4 However, we are confident that the 
bowing in these high quality epitaxial samples is very different to that of 
the HB grown samples studied in the early 1970's by Berolo and Woolley. 
Our results, showing negligible bowing compared to these only other pub- 
lished results, [27] are in line with the theoretical predictions of Siggia, [29] 
and Wei and Zunger [33] for homogenous, ternary alloys as discussed earlier 
in section 6.3.1 and this gives us confidence in our result. Wei and Zunger 
suggested that the large positive bowing observed in the first study of AO in 
"In Ref. [50] we published a value of ry(Ao) = -230 meV for InAsSb. However, an 
improved fit of the data indicates that -y(0o) = -165 f 30 meV 
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InAsSb was caused by sample inhomonogeniety. [33] We conclude this to be 
true here since our high-quality, epitaxial samples show no such bowing. 
It is also interesting to consider the impact of strain on our interpreta- 
tion of the data in Fig. 6.34. If we assume for a minute that the layers are 
fully-strained as opposed to being fully-relaxed our data points would be 
shifted leftwards since the Sb concentrations obtained from x-ray diffraction 
measurements are lower if we assume strain is present (table 6.1, p. 185). 
This would cause the data to exhibit an even more strongly negative bow- 
ing, pushing the data points further from those using the bowing of Berolo 
and Woolley. [27] However, If the InAsSb was fully-strained we should also 
account for the shift in Do due to the strain before comparing to the liter- 
ature values for unstrained material. Consider sample R1967 (the highest 
Sb containing sample for which we could measure an E0 + Ao transition): 
if it is fully-strained it should contain 7.3% Sb. We calculate that Ao for 
this material would increase due to strain by approximately 20 meV. [41,17] 
Therefore, to compare our data to the literature accepted values we should 
subtract this amount to remove the effect of strain. The open square in 
Fig. 6.34 represents the position on the graph of this strain-corrected A0 
value for sample R1967. It is clear that if the sample was fully-strained its 
spin-orbit splitting would still follow a negative bowing curve, rather than 
the strong, positive bowing of Berolo and Woolley. Therefore, it appears that 
we are in the fortunate position that our main result (i. e. that the bowing 
of A0 in these samples is very different to that previously published) is not 
at risk due to our assumption that the epilayers are fully-relaxed. 
To highlight the potential impact that our results in Fig. 6.34 may have 
we consider here a hypothetical semiconductor device designed to detect 
the presence of CO2 gas at 4.25 pm (Eo .: 290 meV). Such a device, if 
cryogenically cooled, could be based on InAsl_., Sbx, with xN 17 % since the 
band gap at this concentration would coincide with selected CO2 absorption 
lines. At this concentration, and using the bowing parameter of Berolo and 
Woolley (ry(Ao) = +1170 meV), this alloy would have a spin-orbit splitting 
energy of 0o - 295 meV - just 5 meV different to the E0 band gap. However, 
if we calculate the value of A0 for this alloy using our measured bowing value 
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(-165 meV) we obtain a value of Ao N 485 meV. This is now 195 meV greater 
than the fundamental band gap energy. 
To illustrate how these two different scenarios would lead to quite dif- 
ferent non-radiative recombination properties we illustrate the CHSH Auger 
recombination process schematically in Fig. 6.35: The left hand figure shows 
the situation where Eo - AO (such as that obtained above for the hypothet- 
ical device using Berolo and Woolley's y(D0) value). The right hand figure 
shows the situation where Eo < &o (as obtained using our -y(AO) value). 
From Fig. 6.35 it can be seen that when Eo N AO states close to the band 
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a5l/ý Figure 6.35: Schematic illustration of CHSH Auger recombination, where an 
electron (solid symbols) in the Conduction band recombines with a Heavy-hole 
(open symbols) and the energy released promotes a Spin-split off electron into 
the Heavy-hole band. In the left hand diagram Ea N Do so CHSH recombi- 
nation can occur for states near the band edges. In the right hand diagram 
Eo < Do and CHSH recombination is not possible for states near the band edges 
due to the requirement that energy and momentum must be conserved. [351 
edge (where carrier concentrations are large) can contribute to the recombi- 
nation process, and as such, the recombination rate will be high (involving 
near-vertical transitions). [35] However, when Eo < Lo (right hand side) an 
electron near the band edge, recombining with a heavy-hole, will not release 
sufficient energy to promote an electron in the spin split-off valence band 
into the heavy-hole band (the solid symbol with the dotted outline repre- 
sents the required electron state for the CHSH process in Fig. 6.35 to occur 
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- however, there is no available state with this energy and momentum). In 
this situation only energetic carriers, far from the band edges (where carrier 
concentrations are low), may contribute to CIISH recombination and so the 
rates are significantly lower in this scenario. 
On this basis we would expect the rate of CIISII recombination to be 
much reduced in our hypothetical CO2 gas detector if we used our "y(0o) 
value instead of Berolo and Woolley's. This indicates how the calculated 
performance of a device could be very different to that of the actual perfor- 
mance, simply as a result of using a different value for the splitting energy 
in the prediction. 
We hope that our new result for the bowing of the spin-orbit splitting 
energy in InAsSb will be of use to researchers working with MIR semicon- 
ductors, and that our measured value of ry(Ao) will enable future MIR devices 
based on InAsSb to be designed with lower non-radiative losses. 
We can put our slightly tentative suggestion that the bowing of the spin- 
orbit splitting energy in InAsl_ySb., is ry(Ao) = -165 meV to the test, by 
attempting to use it to interpret our results for the two pentenary alloys in 
which we were able to measure Do (i. e. s922 and s923). Since these two sam- 
ples consist of predominantly InAsl_., Sbx (see table 6.3 on page 214) their 
Ao value will depend heavily on the bowing exhibited in InAsi_ySbx. This 
can be seen in our interpolation scheme for these pentenary alloys which is 
described in appendix C (Eq. C. 8). Table 6.4 lists various values of Oo for 
s922 and s923. The second column of this table lists our measured value of Do 
in these two pentenary alloys - taken from the results in section 6.4.2. The 
third column shows the interpolated values of Oo using the bowing parame- 
ter reported by Berolo and Woolley (ry(Do) = +1170 meV). [27] The fourth 
column shows the value calculated using zero bowing for the InAs., Sbx spin- 
orbit splitting energy, and the final column shows the value obtained using 
our tentative value of (ry(Do) = -165 meV). The binary alloy parameters and 
bowing values for the other ternary alloys required for the interpolation have 
been taken from Ref. [17]. We have also listed uncertainties in these interpo- 
lated values, which are representative of the uncertainty in the compositions 
of the two samples. This arises since the X-ray diffraction measurements 
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Sample Da eas Oo(y = +1170 meV) Lo(y =0 meV) Oo(y = -165 meV) 
name (meV) (meV) (meV) (meV) 
s922 455 ± 10 293 f 20 415 f 20 432 ± 20 
s923 476 ± 10 286 f 20 420 f 20 439 ± 20 
Table 6.4: Comparison of our measured spin-orbit splitting energy (Ao eas) for 
the two pentenary alloys (s922 and s923) with values obtained from interpolating 
binary literature values and ternary bowing parameters. Three interpolated values 
are shown, using differing bowing values for A0 in InAsSb. The first shows the 
value of Berolo & Woolley (1170 meV) [27], the second is for zero bowing (0 eV) 
and the third uses our tentative result from the studies on InAsSb (-165 meV). 
Other parameters are taken from Ref. [17]. 
conducted on the samples gave alloy concentrations which are only accurate 
to the nearest 1%. It is interesting to note that the resulting uncertainties 
are greater than the experimental uncertainties of our measured values. 
It is clear from table 6.4 that our measured values of Do for these two pen- 
tenary alloys bear no resemblance to the values obtained for the interpolation 
using Berolo and Woolley's bowing parameter. For s922 the interpolated en- 
ergy is 162 meV smaller than the measured value and for s923 the difference 
is 190 meV. This is in line with our studies on InAsl_., Sbx and indicates 
that the bowing of ry(Ao) = +1170 meV is not incorrect for these homoge- 
nous, epitaxial samples. Furthermore, our measured splitting energy is larger 
in sample s923 than that of s922, the opposing trend to that given by the 
interpolated values for Ao using Berolo and Woolley's bowing parameter. 
Comparing our measured splitting energies with the interpolated values 
using zero bowing for AO in InAsl_xSbx we see that the agreement is much 
improved - indicating that the bowing is closer to zero than -1-1170 meV. Now 
the differences between the Lo values are just 40 and 50 meV for s922 and 
s923 respectively. Also, this interpolated result predicts a higher splitting in 
s923 than s922, as is seen in our experimental results. 
The agreement between our measurements and the interpolated literature 
values is closer still if we use a value of y(Ao) = -165 meV for InAsl_ySbx 
as determined from our data in Fig. 6.34. For sample s922 the difference 
between the two Lo values is just 23 meV - comparable to the uncertainty 
in the interpolated result due to the uncertainty in the sample composition. 
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The agreement for sample s923 is not quite as good as this (37 meV). How- 
ever, it is clear that the agreement is far better than that achieved using 
the large, positive bowing reported by Berolo and Woolley. This provides 
strong evidence to support our claim that the bowing of the spin-orbit split- 
ting energy in InAsl_, Sbx is close to zero. Our tentative suggestion that 
, y(Ao) = -165 meV is also consistent with our MIR PR measurements on 
the GazInl_, xAsl_b_,, PySby pentenary alloys. 
6.5 Conclusions 
We have been successful in developing a mid-infrared grating spectroscopy 
PR system capable of measuring signals up to 4.75 µm. This has allowed us to 
conduct extensive studies on a series of InAs-rich InAsl_., Sb., samples. From 
these studies our data for the Sb dependence of the fundamental band gap 
agrees with the literature behaviour (Fig. 6.32, p. 222). We have also been 
able to measure the temperature dependence of the fundamental band gap 
in some of the samples studied and we have compared this to the expected 
behaviour. 
For all but two of the InAsl_ySbx samples we have been able to measure 
the spin-orbit splitting energy. To the best of our knowledge this is the 
first measurement of this energy in InAsl_xSbx since Berolo and Woolley 
published data in 1972 indicating that the bowing of Do was +1170 meV. [27] 
Our results are in disagreement with this result and we observe almost no 
bowing for Do (Fig. 6.34, p. 227). A best fit of our results indicates that the 
bowing is actually slightly negative, giving a value of -165 meV. This result is 
in line with the theoretical predictions of Wei and Zunger whose calculations 
indicate that the bowing of the splitting energy in InAsl_, Sbx should be 
slightly negative. [33] It is our belief that Wei and Zunger's suggestion that 
sample inhomogeneity is the cause of the positive bowing observed in Ref. [27] 
is plausible since our measurements on homogenous epitaxial samples show 
no such bowing. 
We have also been successful in measuring the first PR measurements 
of the pentenary alloy GazInl_zAsl_y_xPySby. From these studies we were 
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able to determine the spin-orbit splitting energy in this material system for 
the first time. We were then able to use these values to show that our 
measured bowing for AO in InAsl-, Sbx gave a far better agreement with 
these measurements compared to that obtained using the bowing of Berolo 
and Woolley. 
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7 Conclusions and future work 
Within this work we have reported results on a number of studies on semi- 
conductor materials and devices and here we aim to give a brief summary of 
these. As well as reviewing our conclusions we shall also discuss the possible 
implications of the results, and the future prospects within each area. 
In chapter 3 we reported on photomodulated reflectance (PR) studies 
of an unprocessed vertical-cavity surface-emitting laser (VCSEL) wafer de- 
signed to be a high-temperature oxygen gas sensor, emitting at 760 nm. 
Initial conventional reflectance measurements of the sample indicated that 
the VCSEL was of a very high finesse, with a cavity mode (CM) FWIIM 
of just 0.19 nm (see Fig. 3.4 on page 53). In both the low resolution angle 
dependent PR studies and the high-resolution temperature dependent PR 
studies we were able to determine the conditions at which the VCSEL CM 
energy (ECM) was tuned to the ground state energy of the quantum well 
transition (EQW) by observing the symmetry of the PR lineshapes. It is 
known that in VCSELs which have quantum well (QW) PR features broader 
than that of the CM (such as in this sample) the PR spectrum becomes an- 
tisymmetric when the VCSEL is tuned (EQW = Ecm). [1] Here we saw that 
the lineshapes became almost perfectly antisymmetric at room temperature 
and an angle of 45° (Fig. 3.10, p. 63) and the temperature dependent studies 
(at normal incidence) returned an antisymmetric lineshape at a tempera- 
ture of 114 °C(Fig. 3.17, p. 75). At this temperature, when the VCSEL was 
tuned, the CM wavelength was found to be - 760 nm, indicating that sample 
was, as desired, suitable for the production of high temperature oxygen gas 
sensors. 
On analysis of the high-resolution reflectance measurements of the 760 nm 
VCSEL wafer we noticed an interesting effect regarding the shape of the CM 
feature as we changed either the angle of incidence, or the temperature of 
the sample. We observed that the FWHM of the CM in the reflectance 
spectrum was dependent on the energy separation between the CM and the 
QW transitions, and that the broadening became maximised when the CM 
was tuned to the ground state transition energy (see Fig. 3.23, p. 83 & 
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Fig. 3.24, p. 84). We suggested that this `cavity mode broadening effect' 
would be prominent in high finesse VCSELs such as the 760 nm sample 
studied here, and that the technique could be used as a verification of PR 
results, or an alternative technique if PR was not possible for some reason. 
In order to learn more about the possible performance of a VCSEL oxygen 
gas sensor based on the material system of the sample studied in chapter 3 we 
examined the carrier recombination mechanisms in two 760 nm edge-emitting 
lasers (EELs) containing similar active regions to the 760 nm VCSEL wafer. 
By studying- the variation of the threshold current of the EELs as a func- 
tion of temperature in chapter 4 we concluded that the devices suffered from 
thermally activated leakage of electrons from the active regions. Using a 
simple model to describe the leakage process we were able to determine the 
activation energy of the leakage process in each device, the values for which 
indicated the electrons were escaping into the X-minima of the barrier and/or 
cladding layers. By applying hydrostatic pressure on the devices we were able 
to vary the activation energy of the leakage process in the EELs and using 
the known pressure coefficients of the different energy bands in the materials 
were were able to determine that the carrier leakage did indeed involve the X- 
minima in the barrier/cladding layers. Although we did not conduct studies 
of the threshold current in a processed 760 nm VCSEL (which would depend 
on both the carrier leakage, and the extent of the gain-cavity de-tuning) we 
were able to indicate the possible effects of the carrier leakage in a VCSEL 
operating at high temperatures (T N 110 °C). At similar temperatures we 
found that - 85% of the threshold current in the EELs was due to carrier 
leakage. Such high levels of leakage would reduce the thermal stability of a 
VCSEL, which would be detrimental for a gas sensing device, and it would 
also lead to high carrier densities in the distributed Bragg reflectors, which 
would reduce the reflectance and, in turn, the efficiency of a laser. Unfor- 
tunately, choices of materials for use in devices operating near 760 nm are 
rather limited so overcoming the problems caused by the carrier leakage is 
not a simple task. The best solution would be to improve the radiative effi- 
ciency of the lasers by optimising factors such as the strain within the active 
region. This may then help to reduce the impact caused by the non-radiative 
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carrier leakage process. 
In chapter 5 we returned to investigate the measured PR spectra of the 
760 nm VCSEL wafer. Although we were successful in determining when 
ECM = EQW in the sample by examining the symmetry of the PR lineshapes, 
we were unable to fit the measured spectra using the existing lineshape model. 
We reasoned that we were unable to achieve fits of the low resolution, angle 
dependent spectra since these were not fully resolved, and thus exhibited 
convoluted features not described by the existing model. However, we also 
found that our high-resolution temperature dependent PR measurements, 
which displayed some very intricate detail, could not be described by the 
existing model (see Fig. 5.1, p. 126). We believed that this may be due to 
the very high finesse of the VCSEL CM feature, which caused the PR line- 
shapes to exhibit these intricate details. In order to investigate this further 
we calculated the reflectance of the VCSEL structure using transfer matrices, 
including a detailed model for the dielectric function of the QWs in the struc- 
ture. We were able to calculate the reflectance of the VCSEL at different 
angles of incidence allowing us to monitor the changes as the CM was tuned 
through the QW transition energies. The first finding from this study was 
that the reflectance simulations reproduced the cavity mode broadening ef- 
fect which we had observed in our measured reflectance spectra of the 760 nm 
VCSEL wafer. We demonstrated that the FWHM of the CM reflectance fea- 
ture was directly proportional to the absorption of the QWs as our earlier 
experimental results had suggested (Fig. 5.9, p. 141). By also calculating the 
Seraphin coefficients of the QW layers in the VCSEL structure we were able 
to develop a new model which could describe the intricate lineshapes in the 
region of the sharp CM feature. Analysis of the simulations revealed that in 
the vicinity of the CM the Seraphin coefficients were Kramers-Kronig pairs. 
From a detailed mathematical analysis of the problem, we were able to prove 
that such a relationship could indeed occur for the Seraphin coefficients of 
a VCSEL CM. This relationship forced a new constraint on our model, but 
with it came the advantage of a reduced number of parameters required to fit 
the spectra. Using the information gained from the reflectance simulations 
and our newly developed VCSEL PR model we were successful in fitting our 
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measured PR spectra of the 760 nm VCSEL (Fig. 5.19, p. 158). This indi- 
cated that the new model, with the enhanced Seraphin coefficient lineshapes, 
was appropriate for describing the PR spectra of high-finesse VCSELs such 
as the 760 nm sample studied in this work. 
While the model was successful at fitting the measured PR spectra of the 
VCSEL studied in this work it would be interesting to test its effectiveness on 
other samples. Our work suggests that the model should be appropriate for 
high-finesse VCSELs, whose CM features are influenced by the QWs within 
the structure, and not unduly spoilt by say absorption within the Bragg 
mirrors. Any future studies on such VCSELs will hopefully help to verify 
the validity of the new model. 
In chapter 6, the final chapter of results in this work, we discussed our 
mid-infrared (MIR) PR studies of narrow gap semiconductors including a 
series of InAsl_,, Sbx samples, and four Galnl_, zAsl_y_., PvSb,,, pentenary al- 
loys. Using our newly developed MIR PR setup we were able to measure 
the fundamental band gap energy (Eo) in all of the samples studied, and 
the spin-orbit splitting-energy (Ao) in the majority of samples. Also, for the 
samples with lower Sb concentrations we were successful in measuring the 
temperature dependence of E0 up to room temperature. The measured val- 
ues of Eo in InAsl_,, Sb,,, were seen to be in reasonably good agreement with 
the literature values (Fig. 6.32, p. 222). _ 
However, for our measured values of 
Oo we obtained a quite different finding - our splitting energies tentatively 
suggested a bowing of ry(Ao) = -165 meV in InAsl_., Sb,,, compared to the 
only other reported value in the literature of +1170 meV. [2] Although this 
strong, positive bowing seen in Ref. [2] was the only recorded value in the 
literature of the A0 bowing in InAsl_--Sbx, several authors had since reported 
theoretical studies which indicated that the expected bowing should actually 
be negative, consistent with our tentative result (see for example Ref. [3]). 
We suggested that we did not see a positive bowing in our studies since the 
InAsl_xSb., samples we investigated were of a good quality, and homogenous. 
It has been mentioned previously that sample inhomogeneity could cause an 
apparent positive bowing of Do in ternary alloys. [3] 
Analysis of our measured Do values in the pentenary alloys showed that 
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the results were in line with our findings for the bowing of to in InAsl_xSby. 
The expected values for AO, obtained by interpolating the binary semicon- 
ductor values and ternary bowing parameters of the constituent alloys, were 
very different to our measured values when we used the literature reported 
bowing in InAsSb of ry(Oo) = +1170 meV. However, when we used our mea- 
sured value of y(Do) = -165 meV, as determined from the studies of the 
InAsl_., Sby samples, we obtained a much better agreement with our mea- 
surements. This was a strong indication that our measured value for ry(Oo) 
in InAsl_ySbx was indeed correct. 
It is possible that our findings may encourage the future development of 
materials used in MIR semiconductor devices due to the importance of the 
InAsl_xSby alloy for MIR applications, and the spin-orbit splitting energy in 
non-radiative loss processes. It is our hope that these results will add to the 
body of work on InAsl_., Sbx, enabling a better understanding of the material 
and others based upon the alloy. 
With the strong level of interest in the MIR, there is a wide range of 
topical semiconductor material systems designed to operate in the 3-5 µm 
region which could be studied using the current PR setup. As an example 
of this we have conducted some initial PR studies on an interesting lead salt 
semiconductor sample. These results are shown in figure 7.1. This sam- 
ple contains PbSe/EuSe superlattices grown on BaF2 and was grown at the 
University of Linz, Austria. Lead salt semiconductors have quite different 
band structures to their III-V counterparts and the combination of PbSe (a 
narrow gap semiconductor) and EuSe (a relatively wide gap semiconductor) 
in a superlattice -arrangement has not previously been studied. Our early 
results show that we have been successful in measuring PR from this sample 
and the solid vertical line in Fig. 7.1 shows the variation of the energy of the 
calculated PR modulus peaks. What is interesting is that these energies are 
- 95 meV higher than those obtained from the peaks of the photolumines- 
cence spectra (not shown) measured at Linz (see the dashed vertical line in 
Fig. 7.1). The reason for this difference is unknown at this stage and future 
studies on this and similar samples may help-to increase the knowledge of 
these interesting lead salt material systems. 
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Figure 7.1: Temperature dependent photomodulated reflectance measurements of 
a PbSe/EuSe superlattice grown on Barium Fluoride. For clarity the spectra are 
vertically offset relative to the temperature at, which they were recorded. The solid 
vertical curve indicates the energies of the PR features, obtained from the calculated 
modulus spectra peaks. The dashed curve shows the energies of the peaks in the 
photoluminescence spectra measured at Linz university. 
Having demonstrated the viability of the MIR PR system we believe 
there are future improvements which can be made to the setup which should 
improve the capability and range of the system. These include the incor- 
poration of dedicated order sorting filters to cut out high-order light more 
effectively. using an IR transmissive cryostat window, and using a Nernst 
source in place of the QTH source to produce more output at longer wave- 
lengths. This could make possible studies on samples deeper into the MIR 
than we have measured in this work, and thus open up the potential for 
studying an even greater range of interesting materials. 
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APPENDIX 
A Multi-band envelope function k"p method 
for calculating quantum well confined states 
Here we discuss the method used for calculating the confined state energies 
in the quantum wells (QWs) studied in this work. The method, known as 
the multi-band envelope function technique, follows that described by Ikonic 
in Ref. [1] and Chen et al. in Ref. [2]. It allows us to find the eigenstates 
in a QW, accounting for both interband interactions and strain, using k"p 
theory; effects ignored in the single band approximation described briefly in 
section 2.1.3. We limit our discussion of the technique to the 6x6 Hamilto- 
nian of the valence band (VB) since for larger systems spurious solutions are 
known to occur, [2] which must be removed in order to obtain meaningful re- 
sults (beyond the scope of this work). For our purposes this is adequate since 
the QWs studied in this thesis have relatively wide band gaps (i. e. not like 
the bulk, narrow gap semiconductors studied in chapter 6). For the conduc- 
tion band (CB) we use the simple, single band theory, with the assumption 
that it is well separated from the VB that the confined states in the CB are 
not significantly influenced by the confined states in the VB. 
Since we are only interested in the confined state energies at the I'-point 
in this work, and not the dispersion of the confined state bands, we do not 
consider finite values of the in-plane wavevector here (kx = kv = k1l = 0) 
- where z is the growth direction. Therefore, certain terms (mostly off- 
diagonal, coupling terms) which appear in the standard 6x6 Luttinger-Kohn 
valence band Hamiltonian [3] are zero here. 
The first step required to solve for the allowed state of a QW is to write 
out the Hamiltonian as a sum of components, which are coefficients of kz 
(the wavevector in the growth direction): 
[H] = [H2kz + Hlkz + Ho] (A. 1) 
Where H2, Hl and Ho are all matrices. 
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As explained in Ref. [1] it is possible to reduce the size of the Hamiltonian 
H to 3x3 by block-diagonalising the original 6x6 matrix. The three 
components of the 3x3 block-diagonalised Hamiltonian in Eq. A. 1 are given 
by the three matrices below: 
PE+QE+V 00 
Ho =0 PE - QE +V-., f2-QE (A. 2) 
0 vl'2-QE PE+Ao+V 
000 
H1 =000 (A. 3) 
000 
('Y1 - 21'2) 00 
H2 =0 ('yl + 2ry2) -2/y2 (A. 4) 
0 -2-v/2--t2 7i 
The H1 matrix is zero here because we are only considering the case where 
k1I = 0. In our calculations we use atomic units for simplicity, so that ßi2/m = 
1. The atomic units of energy are Hartrees (1 Hartsee %r 27.211 eV) and the 
units of length are Bohrs (1 Bohr . ^: 0.52918 
A). [4] 
In these three matrices the first (last) columns and rows correspond to the 
heavy-hole (spin split-off hole) band and the second columns and rows repre- 
sent the light-hole band. These matrices describe the bands at the r-point in 
bulk materials and in this technique they are used to describe the envelope 
wavefunctions for each state in the wells and barriers, allowing the quantum 
confined states to be described. [1] The well and barrier bulk material pa- 
rameters can be entered into Eqs. A. 2-A. 4 to describe the wavefunctions in 
both materials. The term V is the potential energy and is zero in the well 
(assuming no electrostatic field is applied across it). In the barriers V is 
equal to the valence band offset between the well and barrier materials. We 
take the zero energy to be the valence band edge in the well and use positive 
energies to describe points lying deeper in the valence band (inverted energy 
picture). Therefore V will be positive in the barriers of a QW such as the 
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type shown in Fig. 2.5 (p. 20). Ao is the spin-orbit splitting energy, and the 
PE and Q, terms are given by Eqs. A. 5 and A. 6, which incorporate the effects 
of strain into the calculations (resulting from a lattice mismatch between the 
well and substrate materials): 
PE = -a 
(c,, + cyy + Ezz) (A. 5) 
`fit =-2 
(6x-- + Eyy - 2c.,, 
) (A. 6) 
Here a and b are the material dependent Pikus-Bir hydrostatic and uniaxial 
strain deformation potentials respectively and the e terms are the strains 
given by the following equations (for growth of a layer in the z direction on 
a [001] oriented substrate): [1] 
ao - alatt ) Exx = Eyy = 
alatt 
A. 7 
2C12 
EXZ =- Cl l 
-XX 
(A. 8) 
C12 and C11 are the material stiffness constants, which like a and b, can be 
obtained from the literature. [5] ao is the lattice constant of the substrate (to 
which the barrier layers are assumed to be latticed matched here) and alatt 
is the unstrained lattice constant of the well material. These strain terms 
are required for calculating the confinement energies in QWs such as those 
in the edge-emitting laser containing compressively strained InGaAlAs QWs 
studied in chapter 4. Their presence in the diagonal terms of the Ho matrix 
in Eq. A. 2 shifts the relative positions of the three valence bands at the 1- 
point. The off-diagonal výr2_Q, strain terms in Ho couple the light-hole and 
spin split-off hole bands, even when the wavevector is zero. 
From Eq. A. 1 it follows that the complex wavevector kz is an eigenvalue 
of the 3x3 non-linear eigenvalue problem [H (ks) - E] [F] = 0, where [F] 
is an eigenvector of length three. To solve the non-linear problem it can be 
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converted into a6x6 linear problem, given by equation A. 9: [1,2] 
uI[ 
[_H1 
(Ho - E) -HZ 1H1 ku=k. kz 
(A. 9) 
u 
Here 0 and 1 are 3x3 null and unit matrices. This eigenvalue problem 
yields six, generally complex valued kz wavevectors and six corresponding 
eigenstates, [u]. In order to solve Eq. A. 9 we used a freely available add-in 
tool written for MS Excel, capable of solving complex-eigenvalue problems. [6] 
The eigenstates behave as plane waves in a layer and are expressed in the 
basis [F] so that [u] is a particular linear combination of Fi - F3 at energy 
E. The first three components of [u] are amplitudes, the remaining three 
(multiplied by i) are derivatives (kz is replaced with the operator iä/äz in a 
QW system grown along the z direction). [1,2] A state with purely real kr is 
denoted a forward-going state if kx > 0, and backward-going otherwise. If kz 
is complex, or purely imaginary, a state is classified as forward (backward) 
if the wavefunction decays to the right (left). In a layer there are three 
forward, and three backward states, and any wavefunction can be expressed 
as a linear sum of these. The vector containing the coefficients of the three 
forward (backward) states in layer j is denoted as [aj] ([b; ]). 
Now we may discus how a wavefunction at the beginning of layer j may 
be transferred through the layer and across the interface into the (j + 1)th 
layer. By left multiplying a state vector with the diagonal matrix Dj = 
diag(... , exp(ikz; 
d, ).... ) it may be transferred from the beginning to the 
end of the jth layer, where d1 is the width of the layer. Then, by applying the 
boundary conditions (i. e. that 0 and (1/m f f)äß/äz are continuous, where 
meff is the effective mass) in the form of an interface matching matrix, the 
wavefunction V) can be transferred across into the next layer. This interface 
matrix Ij is given by the matrix in the relationship of equation A. 10, where 
again 0 and 1 are the 3x3 null and unit matrices respectively, and H2 is 
the matrix appearing in Eq. A. 4: 
10F= 
ist (A. 10) 0 H2 F' 
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The 6x1 vector [F F']T contains the amplitudes (first three terms) and 
derivatives of a wavefunction expressed in the F-basis. 
Since Eq. A. 10 is constant, we can state the following for two adjoining 
layers in a QW heterojunction: 
[Ij+ll 
[F] 
j+j 
= ýIjj 
[FIj 
PP 
This leads directly to the matrix I-+II which transfers a state in the F-basis 
from the end of layer j, across the interface, and into layer j+1. 
A wavefunction obtained from Eq. A. 9 is expressed in the u-basis and 
must be re-expressed in the F-basis so that it can be transferred across an 
interface using the matrix Iý+II, ý. This can be done by multiplying vector [u] 
with the matrix U- constructed by stacking the states [ul] - [us] side by 
side: 
U= [ui Iu21 ... 
1u61 
, 
[F] =U [u] 3 
[u] = U-1 [F] (A. 12) 
Putting all this together, we can define the transfer matrix T''j+1 (a 
matrix of 3x3 component matrices), which transfers a wavefunction at the 
beginning of layer j to the beginning of layer j+1, as Eq. A. 13 below: 
Tj, 1+i = Uj+iI 1IjUjDj (A. 13) 
Equation A. 14 shows how the layer transfer matrix relates the forward (a) 
and backward (b) travelling states in two adjoining layers: 
aj+i 
- Tj, i+i 
a3 (A. 14) 
b1+l bj 
In a structure of N layers, the total transfer matrix is given by the product: 
N-1 
To, N = 
TT TJ, "+i (A. 15) 
j=o 
This allows us to reveal how the states in the final layer of a structure 
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([aN bN]T) are related to the states in the first ([ao bo]T): 
aN Tii Tiz ao (A. 16) 
bN T21 T22 bo 
We know that, for bound states, the forward-going elements must be zero in 
the first layer (i. e. as = 0) so that the wavefunction decays to the left (i. e. 
0, =_oo -+ 0). Similarly, the backward-going element of a bound state in the 
final layer must also be zero (aN = 0) so that the wavefunction decays to the 
right and i/. ' -+ 0. Therefore, from Eq. A. 16, we find that the following 
must be true for bound states in a QW: 
T22bo =0 (A. 17) 
Equation A. 17 is only satisfied for bound states and so by varying the 
energy E and searching for states which satisfy det JT22(E) I=0 we can find 
the allowed confined states of a QW. Once a confined state energy is found 
it is then possible to find the wavefunction of the state using the determined 
bo vector. [1] 
As an example of the process described above, figure A. 1 shows a plot 
of ln(det IT22(E)I) versus energy, obtained by us here for a single, 8 nm 
Al0.135Ga0.865As / A1o. 386Gao. 614As QW such as the QWs in the unstrained 
edge-emitting laser studied in chapter 4. The material parameters required 
for this calculation were obtained from Ref. [5], and the value for V in the 
barriers is 100.0 meV at room temperature (using the conduction band offset 
Q, = 68% used in chapter 4). Each of the minima in Fig. A. 1 corresponds to 
a confined state at that particular energy, and each is labelled accordingly. 
The advantage of the technique outlined here is that it can be easily used 
to calculate the confined states in more complex structures such as multiple- 
QWs, or superlattices, simply by adding the appropriate transfer matrices 
to Eq. A. 15. It can also be used with Hamiltonians other than the 6x6 
Luttinger-Kohn VB matrix discussed here, thus allowing the effects of other 
bands, such as the CB, to be included explicitly. 
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Figure A. 1: Plot of the natural log of det IT22(E)I versus confinement en- 
ergy for a quantum well in the unstrained Alo. is5Gao. s65As / Alo. ss6Gao. 614As 
760 nm edge-emitting laser studied in chapter 4. The minima occur at the ener- 
gies of the confined states in the well as per Eq. A. 17. Each minimum is labelled 
in terms of the state to which it is associated (hh=heavy-hole, lh=light-hole). 
The depth of the well, V, is 100.0 meV. 
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B Kramers-Kronig analysis of the Seraphin 
coefficients of VCSELs 
Here we use the theory of Complex Analysis to provide a mathematical expla- 
nation as to why the Seraphin coefficients of a VCSEL could be a Kramers- 
Kronig pair in the vicinity of the cavity mode energy. Equations B. 1 and B. 2 
give the relations determined from our Scraphin coefficient simulations (see 
Fig. 5.13 on page 147), where KK,. --. i implies that the transform used is of 
the form that converts a real component into an imaginary one. 
KKr_i[a] = -ß (B. 1) 
KK, ý; 
[ýQJ =a (B. 2) 
The KK transform of the a Seraphin coefficient can be written explicitly 
using the following relation: 
KK, ýý[a] =_2w 
f°° ä In Rw/2 
- 
(w))2ä__ 
(B. 3) 
0 
The term inside the integral can be converted to a form more useful for our 
purpose by using the quotient rule of differentiation. This is shown here by 
equation B. 4. 
ä In R_ ä(1n R)/äßl In R 8(w'2 - w2)/ail 
ÖE1 
(w'2 
- w2 w'2 - w2 
(w'2 
- w2)2 
(B. 4) 
The term on the left hand side is of a form that will allow us to take the 
differential (ä/äe1) outside of the integral in Eq. B. 3. The first term on the 
right hand side of Eq. B. 4 is the term appearing in the integral of the KK 
transform. The second term on the right contains ö(w'2 - w2)/ö&l; if, over 
the energy range where a extends, the energy dispersion of el is negligible 
(or constant), then this term can be assumed to be insignificant. Over such a 
limited energy range (i. e. the CM region) such a condition is approximately 
valid and thus we can neglect this term. This argument then allows us to 
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write the KK transform of a as Eq. B. 5. 
xxrý; [aý äßl (xxr,; [In RI) (B. 5) 
It is important to highlight that this is only true if the second term on the 
right of Eq. B. 4 can be approximated as zero over the energy range where 
In R is significantly varying (i. e. in the energy region of the CM). Therefore, 
Eq. B. 5 is unique to the situation of a VCSEL CM feature. 
The desired KK transform of In R in Eq. B. 5 can be derived from the 
relationship of the complex amplitude of the reflectance, r= a+ ib = /e"9. 
Here i9 is the phase of the reflectance, i9 = tan-1(b/a). Taking the natural 
log of r we obtain equation B. 6, containing In R. 
In r= 21 
1n R+ it9 (B. 6) 
Since In r in Eq. B. 6 is subject to causality, its real and imaginary parts must 
be a KK pair. Therefore, KK, --. i 
[In R] = 20. We can substitute this result 
into Eq. B. 5, giving equation B. 7 for the KK transform of a. 
KK,.,; [a] -- 2 ac, 
(B. 7) 
Equation B. 7 gives the KK transform of a in terms of the phase of the 
reflectance, V. However, such as relationship is of little use in this form 
since 0 is not directly measurable using conventional R or PR experiments. 
Fortunately, in the theory of Complex Analysis, there exists a mathematical 
relationship useful in this situation. Consider a complex variable, z=x+ iy: 
a function, f (z) dependent on z may be written as f (z) = u(z) + iv(z). The 
derivative of f with respect to z can then be written as equation B. 8. [1] 
df äu+iav-Dv au 
(B. 8) dz-äxaxay-ay 
This leads directly to the Cauchy-Riemann equations (Eq. B. 9), which relates 
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the derivatives of the real and imaginary parts of f (z). 
äu 
_ 
av öv äu 
äx äy and ax =- ay B. 9 
In order for us to use the Cauchy-Riemann relations of Eq. B. 9 we make the 
following correspondences: z=+ iy -6= el + i62 and f (z) In r so that 
u= 1/2 In R and v=V. Therefore, we can rewrite the derivative 8i9/c3&1 in 
Eq. B. 7 using Eq. B. 10. 
az9 1 a(1n R) 1 
(B. 10) äý1- -2 aý2 2 
This gives us the final step for showing how a and Q for a VCSEL can be 
related by the KK relations. Substituting Eq. B. 10 into Eq. B. 7 gives the 
relationship found from the numerically calculated KK transforms between 
a and ,0 given in Eq. B. 1. A similar analytical approach can be used to prove 
the result of Eq. B. 2. 
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C Interpolation formulae for ternary, quater- 
nary and pentenary semiconductor alloys 
Here we discuss the interpolation formulae used to describe how the pa- 
rameters of the semiconductor alloys studied in this work depend upon the 
composition of the materials. While the standard interpolation formula used 
to describe ternary alloys is well established and straightforward to under- 
stand, the formulae for higher-order alloys are more complex. In chapter 6 we 
study alloys containing five different elements - so called pentenary alloys. 
In order to interpret the measurements of these samples it is necessary to 
develop an interpolation formula for pentenary alloys as no equivalent could 
be found in the literature. For interested readers the process of developing 
our pentenary interpolation formula is described here. 
Consider first a ternary alloy such as Al-, Gal__, As, composing of the two 
binary semiconductors, GaAs and AlAs. Under the virtual-crystal approx- 
imation (VCA) a given property of the ternary alloy, say the band gap, is 
simply a weighted average between the two binary endpoint values. For ex- 
ample, if we have x% of AlAs and (1- x) % of GaAs, the ternary band gap 
would be simply Eo(AlyGai_xAs) = xEo(AlAs)+(1-x)Eo(GaAs). This lin- 
ear interpolation between the binary endpoints is known as Vegard's law. [1] 
The VCA assumes that a ternary alloy forms with a perfect lattice, having 
an averaged atomic potential at each lattice site. [2] However, when ternary 
alloys are formed the resulting crystal is, in reality, imperfect and deviations 
from the VCA cause certain properties of the alloy to be either reduced or 
increased from their expected weighted average value. This effect is known as 
bowing and is demonstrated in figure C. 1 for a general ternary alloy AxBI_xC, 
where C is the common element and AC and BC are the- two constituent bi- 
nary alloys. T is the value of the ternary parameter under consideration 
(e. g. the band gap). The dashed line in Fig. C. 1 linking the two binary end- 
point values of the parameter in question shows the linear, weighted average 
relation consistent with the VCA. The solid curve, clearly demonstrating a 
bowing away from the straight line, represents the typical behaviour of T as a 
function of alloy composition x when the ternary alloy does not adhere to the 
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Figure C. 1: Representation of the interpolation between two binary endpoints 
(BC and AC) to give the ternary alloy (A, B1_:, C) property, T. The dashed line 
shows the linear interpolation as per Vegard's law and the solid curve shows 
the bowing due to deviations from the virtual crystal approximation. 
VCA. This behaviour can be described using the standard alloy interpolation 
formula of Eq. C. 1, where the first two terms give the linear interpolation of 
Vegard's law and the third term (-x(1 - x)-y) describes the bowing seen in 
Fig. C. 1. 
T=xAC+(1-x)BC-x(1-x)'Y (C. 1) 
In Eq. C. 1 -y is known as the bowing term and is dependent on both the 
parameter in question (i. e. band gap, spin-orbit splitting, effective mass) 
and the two binary semiconductors involved. Eq. C. 1 is written in such a 
way that a positive value of 'y results in an downward bowing, meaning that T 
is reduced below the linearly interpolated VCA value. In the example shown 
in Fig. C. 1 T demonstrates an upward bowing, consistent with a negative 
value for -y. 
In order to develop an equivalent to Eq. C. 1 for pentenary alloys it is 
necessary to first consider quaternary alloys, which consist of four differ- 
ent elements. Quaternary alloys can be classified into two distinct types: 
type-I and type-II alloys. Type-I quaternary alloys, an example of which is 
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Gaxlnl_ýAsySbl_y, have two group III elements and two group V elements 
(in the case of III-V semiconductors). Type-II quaternary alloys on the other 
hand contain one element from group III and three elements from group V, or 
alternatively, one element from group V and three from group III. An exam- 
ple of a type-II quaternary alloy would be InAs.,, PbSb, z, where z=1-x-y. 
Quaternary alloys have been studied for a number of years and the work 
of Glisson and Williams et al. [3,4] is among the earliest to establish in- 
terpolation schemes for both type-I and type-II quaternaries. While these 
equations appear often in the literature, alternate schemes can be found; in 
particular, Krijn uses a different scheme for type-II quaternary alloys. [5] We 
shall look here at how the interpolation scheme for type-I quaternaries is de- 
rived and also discuss how the two main type-II alloy schemes present in the 
literature gives rise to uncertainty in the interpolated quaternary parameter 
values. 
Figure C. 2 shows a representation in compositional space of a type-I qua- 
ternary alloy (AxBI_.,, CDI_y), which we call Qr. The x and y axes represent 
the alloy composition, with the four possible binary endpoints fixed at the 
corresponding locations on the xy plane. For example, when x=1 and y=0 
QI = AD and the binary endpoint AD can be seen in Fig. C. 2, lying on the 
x axis (since y= 0) at x=1. The vertical axis in Fig. C. 2 represents the 
value of the quaternary parameter which is being interpolated; here we have 
labelled it E for energy. The solid circles which represent the binary end- 
points lie above the xy plane, where the height above the plane represents 
the value of the binary parameter. 
Between the four binary endpoints there are four possible ternary alloys 
which can be produced (A., Bl__. D, ACyDI_y, AxBI_xC, & BCyDI_y). These 
appear on curves between the four binary endpoints, where the curvatures 
represent the bowing for each ternary alloy (see Eq. C. 1). These four curves 
form the perimeter of a mesh, which represents the values that the quaternary 
parameter QI can take on. At a given point the mesh has a specific curvature, 
which depends on the four curvatures of the outer edges, defined by the 
ternary bowing parameters. The quaternary alloy parameter QI lies at a 
point on this mesh as shown in Fig. C. 2. Two dashed curves, parallel to 
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Figure C. 2: Representation of a type-I quaternary alloy in compositional 
space (the x -- y plane). The vertical axis (labelled E for energy gap) represents 
the values of the parameters of the various semiconductors being interpolated. 
The four binary semiconductors are located at the corners of the mesh shown, 
with the ternary alloys existing along the mesh boundary. The quaternary alloy 
parameter Q, is located on the mesh surface. 
either the x or y axis, extend to the mesh perimeter where the positions of 
four ternaries are marked with open circles. These curves demonstrate how 
the value of QI can be found by two routes, interpolating between either pair 
of ternary endpoints. It can be shown that both routes give the same result 
as required. If we consider the route between BC. DI_y and ACyDI_y we can 
express QI using Eq. C. 2 
QI = xAC, DI_y + (1 - x)BC, 
D1_y 
- x(1 - x)-y' 
(C. 2) 
Here y' is the bowing of the curve on which Qj lies and which links the 
two ternary endpoints. It can be represented as a linear interpolation of the 
bowing of ternary A., BI_xD and AxB1_xC which is given by Eq. C. 3 
-// = 3, 'YAýBi zC + (1 - y)1'AtBi 2D (C. 3) 
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Combining Eqs. C. 1 - C. 3 gives us Eq. C. 4, the interpolation formula for 
a type-I quaternary alloy AXBI_XCYDI_y. This is the. same as the equation 
that appears in the literature, [3] expect here we represent it in terms of the 
binary values and the ternary bowing parameters, which are readily found 
in the literature for a wide range of semiconductor materials. 
QI = BD+x[AD-BD]+y[BC-BD] 
+ xy [AC + BD - BC - AD] - xy(1 - y)ryACVD1-y (C. 4) 
- x(1 - x)(1 - y)'YABzDI-= - y(1 - x)(1 - y)7BCvDl-v 
Turning our attention to type-Il* quaternaries, Eq. C. 5 gives the interpo- 
lation formula developed by Williams et al. [4] for the alloy ABZC,, D1_X_Y. 
Q(Williams) _ 
yx[uAC + (1 - u)AB - u(1- u), yM31 t u] 
xy+y(1-x-y)+x(1-x-y) 
+ y(1 -x- y)[vAD 
+ (1- v)AC - v(1 - v)yAC1-oD. ] (C. 5) xy+y(1-x-y)+x(1-x-y) 
+ x(1- x- y)[wAD 
+ (1 - w)AB - w(1 - w), yAB1-. D. ] 
xy+y(1-x-y)+x(1-x-y) 
Here u, v&w are given by Eq. C. 6: 
1-x+y 
u2 
V= 
2-2y-x (C. 6) 
2 
2-2x-y 
w=2 
Eq. C. 5 is often used in the literature [6,7,8] indicating support for this 
interpolation scheme. However, as we mentioned previously, there is another 
interpolation equation for type-II quaternary alloys. Used by Krijn, [5] the 
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formula in Eq. C. 7 differs from that of Williams et al. [4]: 
Q 
ji 
riin) 
= xAB + yAC + (1- x- y)AD 
- xyryAB. 
Ci-m - x(1 -x- y)7AB eDl-' (C. 7) 
- y(1 -x- y)-YACvDI-v 
Krijn's interpolation scheme is notably simpler in its form to that of Eq. C. 5. 
It has also been independently derived by Hosea [9] suggesting that it is a 
valid interpolation scheme. 
In order to observe any differences that arise from using the two interpo- 
lation schemes of Eqs. C. 5 and C. 7, and as a method for deciding which is 
best suited for our work, we shall use both to calculate the band gap of the 
alloy InAsj_., _, yPvSby 
for varying antimony concentrations (0 <_ x< 1- y%). 
Fixing the phosphorous concentration at y= 5% and using binary alloy and 
ternary bowing parameters from Ref. [8] gives us all the required inputs for 
Eqs. C. 5 and C. 7 to conduct the calculations. For simplicity we have opted 
to exclude the effects of strain caused by the differing lattice constants of 
InAs and InSb here. [8] 
Figure C. 3 shows the results of the calculations. The solid curve shows 
the InAsl_x_yPySbx band gap obtained using Eq. C. 5 while the dashed curve 
shows the result using Krijn's formula (Eq. C. 7). 
It is clear from Fig. C. 3 that when the antimony content is low (x < 10%) 
the two interpolation formulae yield very similar results. However, as x in- 
creases the bowing of the two lines differ resulting in large differences between 
the interpolated band gap energies in the range 20% <x< 90%. Also clear 
from Fig. C. 3 is the fact that the curvature of the solid line changes sharply 
as x> 90%, and when the antimony reaches 95% (the maximum concen- 
tration possible since the phosphorous concentration is fixed at 5%) both 
interpolation methods tend towards the same result. This sudden change 
in curvature appears to be somewhat un-physical and is a possible indica- 
tion that Krijn's formula, which gives the smooth varying result is the more 
appropriate interpolation equation. 
We also note that the denominator in Eq. C. 5 means that Williams et 
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Figure C. 3: Band gap (at 7' =0 K) of the type-II quaternary alloy 
InAsl 
_, r_yP, 
SbL (y = 5'/0) calculated using parameters frone Ref. [8[ and the 
interpolation scheme of Williams et al. [4] given by Eq. C. 5 (solid curve). The 
(lashed curve shows the equivalent calculation using the interpolation scheme 
of Krijn. [51 given by Eq. ('. 7. The effects of strain have been omitted in both 
cases for simplicity. 
al. 's approach cannot be used when both x and y are set to zero. For this 
particular example it means that their interpolation scheme cannot return 
the band gap for InAs. 
Given both the fact that Eq. C. 5 breaks down when x=y= 0%, and 
that it gives rise to the unusual bowing profile of the solid curve seen in 
Fig. C. 3 we recommend using Eq. C. 7 for determining the interpolated pa- 
rameters of type-II quaternaries. For these reasons we also use this equation 
as our base for developing an interpolation scheme for pentenary alloys of 
the form Az13i_, Ci_y_IDYEz. For this, we take the view that such an al- 
loy is a simple mixture of two type-II quaternaries (i. e. zACI_y_SD, E, and 
(1 - z)BC1 , . rD,, 
Ei). This allows us to write an interpolation formula for 
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a pentenary alloy P as: 
P= z{(1- y- x)AC + yAD + xAE 
- y(1 -y- x)'yACi-y-=Dy+: - z(1 -y- x)'yACi-v-=Etr+z 
- yx, 1 
ADvEi-v } 
+ (1 - z){(1- y- x)BC + yBD + xBE (C. 8) 
- y(1 -y- x)')'BCI-y-: 
Dy+: 
- z(1 -y- x)'yBCi-y-=Ey+E 
- yx, Y 
BDyE1-y} 
This is the interpolation formula we use in chapter 6 for interpreting our 
mid-infrared photomodulated reflectance results of the liquid phase epitaxial 
grown pentenary alloy GazInl_, zAsl_y_xPvSbx. 
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